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ABSTRACT 
The magnetic susceptibilit.y and spontaneous magnet.ic 
moment of the perovskitic, polycrystalline solid solutions 
were determined using the Faraday method. Pure BiFe0 3 
has a G-t.ype ant.iferromagnetic struct,ure. Although t .he 
perovskite BiFeo3 exhibits a sharp peak in the suscepti-
' bilit.y at t .he Neel temperature, it does not. possess a 
spontaneous magnet.ic moment.. The solid solut.ions in-
vestigated possessed a spont.aneous magnet.ic moment. t .hrough-
out. t .he mult.iple cell rhombohedral region of t .he BiFeo3 -
PbTi03-PbZro3 ternary phase diagram, which extends from 
pure BiFe0 3 to 75 to 80 percent BiFe0 3 content on both 
sides and extends to nearly 50 percent BiFeo 3 content in 
the cent.er region. Except for some anomalous cases in the 
BiFe0 3-PbTi0 3 system, no spont,aneous magnet,ic moment.s 
were observed out.side the multiple cell rhombohedral 
region. Ext.rapolated values for the spontaneous moment 
3 for pure BiFe03 ranged from 0.03 to 0.06 G em /g. For 
composit.ions cont.aining from 10 to 60 percent. BiFeo 3 , t .he 
susceptibilit.y varied inversely wit.h T+e where T is t .he 
James Ivan Latham 
i 
absolute t .emperat.ure and e is a posit.ive constant. Thus, 
antiferromagnetic ordering was evident throughout the 
composition range. 
Although BiFe03 has been proposed as a material in 
which the electric and magnet.ic propert.ies interact, no 
evidence was found to support this assertion. 
James Ivan Latham 
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A new series of compounds with interesting dielectric 
properties has recently been reported in the literature. 
They comprise the perovskit.e bismuth ferrat.e (BiFe0 3 ) and 
its solid solutions with other perovskites. The results 
of cryst.allographic and dielectric data imply t .hat BiFe0 3 
is either a ferroelectric or an antiferroelectric. Its 
dielectric Curie point appears to be near 850°C. This 
would give BiFe03 the distinction of having the highest 
known Curie point among the perovskites. 
Although the primary int.erest is in the dielect.ric 
properties of BiFe0 3 , it possesses interest.ing magnetic 
properties due to the Fe 3+ ions in the oct.ahedral sites. 
The temperature dependence of the magnetic susceptibility 
1 
indicates that it is an antiferromagnet.. At t .he Neel point, 
the susceptibility exhibits a sharp peak which is character-
istic of weak ferromagnetism. There has been no report, 
however, of an observation of a spont.aneous magnetic moment 
in pure BiFe0 3 . The addition of small amounts of other 
perovskites to BiFe0 3 often results in solid solutions 
which possess a spontaneous magnetic moment .. It has been 
reported that the addition of lead titanate (PbTi0 3 ) results 
2 
in solid solutions which exhibit a spontaneous moment. In 
another study, susceptibility characteristics were published 
for composi t .ions containing up to 20 percent lead zirconate 
(PbZr0 3), and it was reported that a spontaneous moment 
was present. 
In order to better understand the magnetic properties 
of BiFe0 3 , the following compositions were investigated 
using the Faraday method: the BiFe0 3-PbTi0 3 series com-
positions; the BiFe0 3-PbZr03 series compositions; and the 
BiFe0 3 - [50PbZr0 3 -SOPbTi0 3 ] series compositions. 
3 
II. REVIEW OF LITERATURE 
A. Magnetic Properties 
1. Diamagnetism. The relationship between the magnet-
-ization, M, of an isotropic body of volume susceptibility, 
K, in a magnetic field, H, is given by 
M = K H • (1) 
When the magnetic susceptibility of a substance is negative 
it is said to be diamagnetic. Diamagnetism is associated 
with the tendency of electrical currents to shield the 
interior of a body from an applied magnetic field. 1 
The expression for diamagnetic susceptibility can be 
derived by applying the Larmor theorem to the classical 
mot.ion of an electron in an atom. 2 The effect of a magnetic 
field is to produce a torque on the dipole moment which 
represents the electron in orbit. This dipole will precess 
-about H in such a manner that the induced magnetic moment 
is opposite the field. The expression for t .he diamagnetic 








N is t .he number of atoms per unit. volume. 
Z is the number of elect.rons for each atom. 
e is the charge of the electron. 
m is t .he mass of t .he elect.ron. 
c is the velocity of light. 
r
2 is the mean square dist.ance of the elect.rons 
from the nucleus. 
A quant.um theoretical derivation gives this same result. 3 
An expression similar to equation (2) would represent t .he 
diamagnet.ism of ions in a lat.tice. It is noted that the 
express ion is t .emperature independent and negat.ive. 
Any experimental measurement. of the susceptibility of 
a material will also include the underlying diamagnet.ic 
4 
susceptibility of the atom cores. In order to obtain exper-
iment.al informat.ion from suscepti bili t .y measurements, it is 
necessary to correct the experimental values for this dia-
magnetism. A t .able listing the ionic diamagnetic suscept.i-
bilities is found in Selwood. 4 Generally the correction is 
around 1 percent, but in some cases it is larger. 
2. Paramagnetism. In the classical approach to para-
magnetism, it. is assumed that the magnetic dipoles in 
a medium are only very weakly interact.ing. Thus each 
5 
dipole finds itself in the same magnetic field and is free 
to rotate in the medium. According to the Langevin-Debye 
theory, the expression for the paramagnetic susceptibility, 




N is the number of dipoles per unit volume. 
(3) 
~ is the magnitude of the individual dipole moments. 
k is Boltzmann's constant. 
T is the temperature in degrees kelvin. 
When electron spins of fi/2 are considered, where 11 is 
Planck's constant. divided by 2n, the quantum mechanical 
result gives an identical relationship. The quantum mechani-
cal result is dependent upon the condition 
· where 
g~H 
2kT << 1 ' 
g is the spectroscopic splitting factor 
~B is the magnetic dipole moment of an 
electron of spin ~/2, or one Bohr magneton. 
( 4) 
An at.om with angular momentum quantum number, J, has 
2J + 1 equally spaced energy levels in a magnetic field. 
6 
The magnetization is given by 6 
Where x is equal to gJ~BH/kT and BJ(x) is given by 
B ( ) = 2J + 1 h [(2J + l)x] _ 1 [x J J x 2J ctn 2J 2J ctnh 2J . (6) 
When the condition 
gJJLBH 
kT << l (7) 
holds, equation (5) yields an expression for the para-
magnetic susceptibility: 
2 2 Ng J(J + l)fLB 
I( = p 3kT 
( 8) 
Materials having a susceptibility which obeys expression 
(8) are said to obey the Curie law. 7 A plot of 1/K versus p 
T is a straight line through the origin. Typical para-
magnetic behavior is shown in Figure la and Figure 2. 
There exist.s some interesting temperature independent 
applicat.ions of paramagnetism. Van Vleck paramagnetism8 is 
one example which is used to determine the susceptibility 
of molecular systems. In metals, the free electron suscep-
tibility is found not to agree with expression (5). The 
application of Fermi-Dirac statistics corrects the theory. 
The · result is, to first order, a temperature independent. 
expression for susceptibility which is called Pauli spin 
. 9, 10 paramagnetlsm. 
3. Ferromagnetism. A material is generally called 
a ferromagnet if it has a spontaneous magnetic moment at. 
7 
low temperatures. A spontaneous magnetic moment means that 
the material possesses a magnetic moment. in the absence of 
a magnetic field. There are other types of ordering, how-
ever, which will produce spont.aneous magnet.ic moments. 
Examples of this are weak ferromagnetism and ferrimagnetism, 
which are to be discussed lat.er. Only the elements iron, 
nickel, cobalt, gadolinium, and dysprosium crystallize in 
ferromagnetic lat.tices, but a large number of alloys and 
oxides exist which also exhibit. ferromagnetic propert.ies. 
The spontaneous magnetic moment is not always readily 
apparent. because of domain formation. In most ferromagnetic 
mat.erials, domains form to minimize the internal demagnet-
ization fields at the expense of the coupling energy in 
the domain walls. Domain t .heory is a field in itself and 
will not be discussed. The interest here is mainly the 
coupling mechanism within a single domain which tends to 
align the spins of the individual atoms. 
The most. convincing proof that a material possesses a 
8 
spontaneous magnetic moment is the observation of a hystere-
sis curve. A hysteresis curve establishes the fact that 
a magnetic moment does indeed exist in the absence of a 
magnetic field. A typical hysteresis curve is illustrated 
in Figure 4. 
Weiss 11 postulated a "molecular field," called the 
Weiss field, which would tend to align the atomic dipol e s. 
The Weiss field, H , acting upon a given dipol e was 
m 
H = H + IM , 
m 
where 
H is the applied field. 
M is the magnetization. 
~is the Weiss constant. 
The term IM provides for the cooperative effect. Th e 
result of Weiss' work was the Curie-Weiss law: 12 
c K = T-T 
c 
The constant, C, is 
T = C 7 , 
c 





where T is the Curie temperatur e above whi c h th e f e rro-
c 
magnetic material exhibits paramagnetic behavior. The 
Curie-Weiss law is illustrated in Figure lb and Figure 2. 
The quantum theory of magnetization discussed pre-
viously wit.h regard to paramagnetism can be applied to the 
13 Weiss theory, and the Curie-Weiss law becomes 
2 
K. = NJ.A- /3k 
2 T-'l'NJA- /3k (12) 
where N is the number of magnet.ic at.oms per unit volume. 




g p..B J (J + 1) 
The Weiss theory was successful in that it predicted 
(13) 
9 
accurately the spontaneous magnetic moments of ferromagnetic 
mat.erials, such as iron, nickel, and cobalt. 
The interaction energy of a spin with the Weiss field 
was determined to be t .he order of magnitude of the thermal 
energy at the Curie point. A Curie temperat.ure of 1000° K 
d . d w . f" ld f 5 10 6 d f . 12 pre ~cate . e1ss 1.e o x oerste or 1.ron. 
This interaction was too large to be explained by the inter-
action between neighboring dipoles. Heisenberg14 explained 
it. in terms of the quant.um mechanical exchange integral. 
In the quantum mechanical development of the energy 
levels of an atomic system, a term appears which gives the 
splitting between the states of different multiplicities. 
The t .erm which gives this splitting is t .he exchange integral. 
While exchange interaction is fundament.ally an electro-
lO 
static interaction, the spin enters into the expression as 
a result of the Pauli exclusion principle. 
An example of ferromagnetic coupling is given by the 
15 hydrogen molecule for which two energy levels exist. 
E corresponds t .o the symmetrical coordinate wave Singlet 
function and the singlet spin function. ETriplet corre-
sponds to the ant.isyrrunet.rical coordinat.e wave function and 
the t .riplet spin function. The energy difference between 
the t .wo levels is shown to be equivalent t .o a potent.ial 
energy term of the form 
~ ~ 
v = -2J s .s 
ab ab a b (14) 
Here a and b refer to the two electron orbits involved, and 
Sa and Sb refer to the spin of the electron in orbit a and 
b respectively. The term Jab is defined in terms of the 
Coulcomb energy, t .he exchange integral, and the overlap 
int.egral. To a first. approximation, Jab is equal to the 
h . 1 16 exc ange 1ntegra : 
2 
e ( 15) 
Here ¢a (r 1 ) , and ¢b (r 1 ) are the hydrogen-1 ike wave func-
tions of orbit. a and b for elect.ron 1; ¢aCr2 ), and ~Cr2 ) 
are the hydrogen-like wave £unctions of orbit a and b for 
11 
electron 2; and lr 1 -r2 1 is the interelectron distance. If 
Jab in expression (15) is positive, then since 
1 
Jab = I (ESinglet-ETriplet) ( 16) 
h . 1 . bl 15 t e tr1p et state 1s more sta e. The triplet state corre-
sponds t .o the two spins in parallel alignment while the 
singlet corresponds to antiparallel alignment .. Thus a 
positive exchange interaction is associated with ferro-
magnet.ic coupling. 
The generalization of equation (14) is given by the 
H . b h H ·1 . 17 e1sen erg exc ange am1 ton1an, 
\ - ..... H = -L· .J .. S .• s. 
ex lJ lJ 1 J (17) 
where J .. is the effective exchange integral between atoms lJ 
- -i and j, having total spins S. and S .. 
l J 
This expression is 
used in the many electron systems of t .he crystal lattice. 
4. Antiferromagnetism. If the term Jab is negative 
in equation (15), then according to equation (16) the sing-
let state is energetically more favorable. Since the sing-
let state corresponds to antiparallel spin alignment, a 
negative exchange interaction corresponds to antiferro-
rnagne t . i srn. A simple configuration for t .his case consist.s 
of two sublattices such that an atom of one sublattice 
12 
interacts most strongly with atoms of the other sublattice. 
Thus the configuration consists of two ferromagnetic sub-
lattices coupled antiparallel to each other. 18 If the 
moments of the two sublattices are the same, the net moment 
is zero as in antiferromagnetisn1. If the moments of the two 
sublattices are unequal, a net moment exists and t .his corre-
sponds to ferrimagnetism, which is discussed briefly in the 
next section. 
If the Weiss theory is applied to the two sublattice 
models, the result is a Curie-Weiss behavior for the sus-
ceptibility above a certain temperature called the Neel 
temperature, T 19 N. The Weiss fields for the two sublattices, 
A and B, are 
Hma H-aMa-,S~, 
(18) 
where Hma and Hmb represent the Weiss fields for sublatt.ices 
A and B, and Ma and Mb represent the magnetization of sub-
lattices A and B. aand ~are positive Weiss constants. 
I 
for temperatures larger than the Neel temperature, the 
application of the quantum mechanical magnetization result 
gives for the susceptibility: 
13 
K. = (19) 
2 
where fL is given by equation (13) and N is the number of 
magnetic atoms per unit volume in one of the sublattices. 
This type of behavior is illustrated in Figure lc and 
Figure 2. 
' For temperatures below the Neel point, the suscepti-
b .l. . b k . 20 ' 21 h ·b·l· 1 1ty 1s ro en up 1nto two parts: t e suscept1 1 1ty 
at right angles to the spins, KL; and the susceptibility 
along t .he spin axis, K.n. The temperature dependence of 
~.Land Ku is illustrated in Figure 3. At absolute zero, 
the theoretical susceptibility is given by 
(20) 
5. Ferrimagnetism. If a compound has an ordered 
arrangement of different magnetic atoms such that sub-
lattice A has a different magnetization than sublattice B, 
spontaneous magnetic moment is the result. Such com-
pounds, in which the ordering is ant.iferromagnetic, have 
the properties of a ferromagnet. They are called ferri-
magnets or ferrites. The analysis of these compounds is 
complex because of the saturation effect t .hat one latt.ice 
has upon t .he other and will not be discussed further. 
K 
0 T 










































c. Curie-Weiss law, antiferromagnetisrn 
Figure 1. Temperature dependence of susceptibility 

























Figure 2. Temperature dependence of reciprocal 













Figure 4. Magnetic hysteresis curve. 
17 
6. Superexchange. The atoms which possess the most 
int.eresting magnetic properties are found in the fourth 
period of the periodic chart. After the potassium and 
calcium atoms have added the 4s electrons to t .he outer 
shell, the so-called transition elements of the fourth 
period appear. St.art.ing with scandium and running through 
copper, each progressive atom adds a 3d electron until the 
last 3d electron is added to the complet.ed shell at. zinc 
in the liB group. Since the 3d shell is complet.ely filled 
in zinc, it does not have any interesting magnetic properties. 
Table I list.s the number of 3d electrons for the transition 
elements and some of the ions of interest from the fourth 
period. As each 3d electron is added, in order to obey 
Hunds rule, the spins t .end t .o align themselves so that 
at manganese the total spin of the atom is 5/2 (in units 
of "fl). 
In order for the exchange interactions to be positive 
in the ferromagnetic elements, 22 Sommerfeld and Bethe 
listed t .he conditions which the atomic wave functions in-
valved in the exchange integral would have to meet. These 
conditions are: (1) small amplit.ude at t .he parent nuclei; 
(2) angular lobes pointing toward and overlapping one 
another; and (3) small radial extent compared to the inter-
18 
TABLE I 
NUMBER OF 3d ELECTRONS FOR TRANSITION ELEMENTS 
OF THE FOURTH PERIOD 
Number d 
Electrons Atom ION 
1 Sc .+++ T~ 
2 Ti v+++ 
3 v v ++ Cr+++ 
Cr c ++ +++ 4 r ' Mn 
5 Mn ++ Mn , Fe+++ 
6 Fe F ++ e ' 
Co+++ 
7 Co Co++ 
8 Ni .++ N~ 
9 Cu Cu++ 
19 
nuclear spacing. These conditions are satisfied by the 
3d electrons of the transition elements mentioned above. 
The cross section of the hydrogen-like wave functions are 
given in sche1natic form in Figure 5. The plus (+) and 
minus (-) signs on the lobes are given by the angular 
part of the wave function,~. The boundary of these wave 
funct.ions outline, for example, 90 percent of 11j/1 2 . 
Other authors have questioned Bethe's argument that 
the exchange interaction is positive. 
an account of this controversy. 
23 Goodenough gives 
The 3d electrons play an important. role in magnetic 
coupling by means of a mechanism called superexchange. 
If the magnetic cations in a latt.ice are separated by an 
anion so that there is very little direct overlap of the 
wave function of the two cations, magnetic coupling may 
still exist. This coupling of cations by means of the 
24 25 intermediary anion is known as superexchange. ' 
It is necessary for what follows to define ~ and n 
h . 1 b d. 26 c em1ca on 1ng. Briefly, the strength of the covalent 
bond of two atoms is measured approximately by the amount 
of overlap of the orbitals of the individual atoms. If 
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20 
y 
Boundary surfaces for the s, p, and d orbitals. 
21 
respect to rotation about the line joining them, the bond 
is a a- bond. If t .he orbit.als are unsyrmnet.rical wit.h respect. 
to this rot.at.ion, the bond is a n bond. For example, in 
Figure 6a, if the bond is formed along the x axis from 
the px orbital of one atom and the d( 2 2) orbital of 
X -y 
the other atom, a ~ bond is formed. Similarly, in Figure 
6b, a n bond is formed from the p and d orbitals. y xy 
Figure 6c illustrates that a pn orbital and a d~ orbital 
are orthogonal by symmet.ry. In t .he region of overlap the 
angular dependences of t .he wave functions are different. 
This is indicated by the plus or minus signs on t .he lobes 
of Figures 5 and 6. The pn orbital of Figure 6c changes 
sign when t .he coordinate axes are rotat.ed about t .he line 
connecting t .he t .wo ions, while t .he do- orbital does not .. 
27 Thus the t .wo orbit.als are ort.hogonal by syrrunetry. 
similarly, Figure 6d shows that a p~ orbital and a dn 
orbital are orthogonal. 
28 Goodenough formulat.ed a mechanism to explain super-
0 
exchange for the so-called 180 case. His mechanism 
account.ed for the fact t .hat a part.ial bond existed bet.we·en 
an anion and the two cations on either side. Here the two 
cations and the anion lie along a straight line, and hence 
y 
a. a Bond 
y 
b. 7T Bond 








Figure 6. Symmetry relations between the a and n orbitals. 
23 
it is called the 180° case. For example, assume that the 
. F 3+ d h . . o2-two cat1ons are e , an t e an1on 1s . 
electron configuration is that of neon, hence the net spin 
is zero. The Fe 3+ ions have a net spin of 5/2, from Hunds 
rule and Table I, which shews that Fe 3+ has five 3d elec-
trans. The partial bond forms from the p orbitals of the 
o2 - ion and the d orbitals of the Fe 3+ ions. From Hunds 
rule, the + spin of one of the p electrons of the anion 
forms a partial bond with the - spin of the cation on one 
side. This leaves an unpaired electron of - spin on the 
anion to form a partial bond wit.h the + spin of the cation 
on the other side. Thus the resulting interaction is anti-
ferromagnet.ic. 
Another important t .ype of superexchange interaction 
0 is the 90 case. This case occurs for those lattices in 
which the t .wo lines from the interacting cations to the 
int.ermediary anion intersect at. right angles. The 
mechanism of the 90° case is similar to the 180° case, but 
the interaction is somewhat more difficult to explain. 
24 29 .27 Anderson discussed the Goodenough -Kanamor1 
rules for superexchange interact. ions. The two rules are: 
"A. When t .he two ions have lobes of magnet.ic 
24 
orbitals pointing toward each other in such a way 
that the orbit.als would have a reasonably large over-
lap integral, the exchange is antiferromagnetic. 
There are several subcases. 
(a) When the lobes are d 2 -type orbitals in 
z 
the octahedral case, particularly in the 180° case 
in which these lobes point directly toward a ligand 
and each other, one obtains particularly large 
superexchange. 
When the d orbit.als are in the 180° 
xy (b) 
position to each other, so that they can interact 
via pn orbitals on the ligand, one again obt a ins 
antiferromagnetism. 
(c) In a 90° ligand situation, when one ion 
has the d 2 occupied and the other a d xy' the p n 
z 
for one is the po- for the other, and one expects 
st.rong overlap and thus antiferromagnetic exchange. 
B. When t .he orbitals are arranged in such a 
way t .hat they are expected t .o be in contact but 
to have no overlap integral - most notably, a 
d 2 and a d in the 180° case, where the overlap z xy 
is zero by syrmnet.ry - the rule gives ferromagnetic 
25 
interaction. This interaction is, however, not as 
strong as the antiferromagnetic one." 
29 Goodenough expressed the rules from the viewpoint 
of ligand field theory while Kanamori's work27 was a 
surrunary of the work of several other authors. Kanamori 
28 30 31 discussed the work of Goodenough, Slater, Anderson, 
32 
and Anderson and Hasegewa. Anderson's mechanism is 
similar to that of Goodenough. The Slater mechanism 
takes into account the polarization of the electron "cloud" 
in the exchange interaction. The Anderson and Hasegewa 
mechanism considers virtual processes in electron transfer 
and yields results similar to those of Goodenough. The 
results of Kanamori's work for the 180° case is summarized 
in Table II. 0 He also presented results for the 90 case 
which is shown in Table III. 
7. Weak ferromagnetism. One of the interesting 
developments in magnetism in recent years is the observa-
tion of weak ferromagnetism. This phenomenon occurs in 
materials which have a negative exchange interaction and 
thus are antiferromagnets. However, they are characterized 
a small spontaneous magnet.ic moment. D . 1 h. k .. 33 Zla OS lnS l.l 
TABLE II 
THE 180° INTERACTION BETWEEN CATIONS IN OCTAHEDRAL SITESa 
Number of 3d Species of Relevant bondband Resultant super Total super-
electrons Interacting mechanism exchange inter- exchange 
of interact- cations action interaction 
ing cations 
d3-d3 1 4+ 4+ Mn3+-Mn3+ liT-bond and n-bond Cr -Cr A, G, A-H, S I Antiferro, I Antiferro, 
I Ni2+-Ni2+ a--bond d8-d8 A, G, A-H, S I Antiferro. I Antiferro. 
ds-ds I 2+ 2+ cr-bond Mn3+-Mn3+ Fe -Fe A, G, A-H, S I Antiferro. 
n-bond 
G, A-H, S I Antiferro. (weak) I Antiferro. 
n-bond 
A Uncertain (weak) 
d8-d3 I Ni 2+ -v2+ ~-bond and n-bond 
A, G, A-H, S I Ferro. I Ferro. 
d5-d3 I Fe 3+ -cr3+ I (1"-bond 




TABLE II (continued) 
n-bond 
G, A-H Antiferro. (weak) Ferro. 5 3 d -d (cont.) n-bond 
A, S Uncertain (weak) 
d4-d4 M 3+ M 3+ ~·· n - n ~~ 
d6-d6 FeO cr-bond 
A, G, A-H, S Antiferro. Antiferro. 
n-bond Uncertain (weak) 
d7-d7 CoO cr-bond 
A, G, A-H, S Antiferro. Antiferro. 
n-bond ·'···~ ~~ ~~ 
*Depends on the direction of the line of superexchange. 
~ .. ~·.-weak, but dependent on the direction of the line of superexchange. 
~After Kanamori, Ref. 27. 
A= ANDERSON's mechanism, G =GOODENOUGH's mechanism, A-H =ANDERSON and 














THE 90° INTERACTION BETWEEN CATIONS IN OCTAHEDRAL SITESa 
Species of Relevant bondband Resultant super Total super-
Interacting mechanism exchange inter- exchange 
action Interaction 
N.2+ N.2+ ~ - ~ po--dy bond 
A, G Ferro. 
s Uncertain Ferro. 
s-dl' bond 
A, G, A-H, S Antiferro. 
2+ 2+ Uncertain ··~ Mn -Mn 1\ 
F 3+ F 3+ e - e 
c 3+ c 3+ r - r po--d"( and po--de' 
A, G, A-H, S Ferro. 
pn-de. and s-d't Ferro. 
A, G, A-H, S Anti.ferro. (weak) 
.2+ 2+ N~ -v pa--d"( and per-dE' 
A, G, A-H Antiferro. 
s Uncertain (weak) Antiferro. 
pn-de' and s-d-(, 
s-d"t' 
A, G, A-H Ferro. (weak) 
N 
00 
TABLE III (continued) 
* Tendency towards antiferromagnetic interaction with decreasing number of 
3d-electrons. 
~After Kanamori, Ref. 27. 
A= ANDERSON's mechanism, G =GOODENOUGH's mechanism, A-H =ANDERSON and 
HASEGAWA's mechanism, S = SLATER's mechanism; d1' refers to the wave functions 
dx , d z' and d
2
x; de' refers to the wave functions d 2 2 and d 2 2 2 . In Y Y x -y 2z -x -y 




has explained the phenomenon by showing that. the anti-
parallel spins could be canted slightly so that a net 
moment appears along cert.ain cryst.allographic directions. 
This is possible because in certain crystals the anti-
ferromagnetic spin arrangement and t .he canted spin arrange-
ment have t .he same synunet.ry. 
Weak ferromagnetism has been observed in cr;-Fe 2 o 3 above 
250°K, 34 NiF 2 ,
35 Mnco 3 , Coco 3 ,
36 
and in the orthoferrites. 
Moriya37 discussed the theory of a-Fe 2o 3 and NiF 2 , using 
f h 1 f D . 1 h. k .. 33 ' 38 1 . h some o t e resu ts o zla os lns ll a ong wlt some 
of his own mechanisms. His work will be discussed near 
the end of this section. 
Some aut.hors have left. the impression that. perhaps 
weak ferromagnetism may be t .he result of impurit.ies rather 
t .han a phenomenon which can be associated with t .he mat.erial. 
The work of Watanabe 39 on the rare-earth orthoferrites, 
LaFeo
3 
and NdFeo 3 , is an example. He observed a sharp 
' transit.ion at t .he Neel point and a spont.aneous magnetic 
3 
moment ranging from .5 to 1.5 G em /g. The spontaneous 
magnetic moment was shown t .o increase upon cooling in a 
magnetic field., This procedure of cooling t .he sample 
in a magnet.ic field is called the "t.hermomagnet.ic treat-
31 
ment . . " The effect of t .he spont.aneous moment. is t .o give t .he 
hyst.eresi.s loop a small displacement. along t .he magneti.zat.ion 
axis, whereas for a ferromagnetic substance the hyst.eresis 
loop is syrnrnet.rical about. t .he origin. Watanabe had a great. 
deal of difficulty with~-Fe 2o 3 as a contaminant in his 
samples. This was clearly shown in some of his samples as a 
magnetic t .ransit.ion at. 680°C, which corresponds to the Curie 
t .emperat.ure in a -Fe2o3 • By proper sint.ering techniques, 
he was able to minimize this problem. 
Wat.anabe proposed a mechanism of two magnet.ically 
independent. phases which could explain t .he phenomenon of 
weak ferromagnetism in LaFe0 3 and NdFe0 3 • He argued that. 
since a-Fe 2o3 was insoluble in the perovskite LaFe0 3 , the 
hysteresis loop was probably due t .o a small amount. of 
CI -Fe 2o3 impurit.y. The shift. along the magnet.izati.on axis 
was due t .o grains wit.h small coercive forces in t .he LaFe0 3 
phase. He conceded, however, that the phenomenon could be 
attributed t .o a propert.y of the material along the lines 
proposed by Dzialoshi.nskii. 33 He cited the work of Bozorth40 
and that of Sherwood et a1. 41 as evidence for weak ferro-
magnet.i.sm being a true propert.y of t .he rare-earth ort.ho-
ferrit.es. 
32 
42 Goodenough, by calling this phenomenon "parasitic 
ferromagnetism," clearly indicat.ed his belief that it was 
caused by imperfections of the cryst.al involved. He cited 
two examples: ' 43 the work of Neel, who suggest.ed a pref-
erential ordering of lat,tice defect.s or impurities into 
one of the magnetic sublat.t .i.ces of an antiferromagnet; and 
44 
other invest.igators at. Lincoln Laboratory, who reduced 
the spontaneous magnetic moment. of LaFe0 3 by careful 
chemical analysis. He mentioned the work of Watanabe 39 
as evidence that. impurit.y st.at e s or inhomogeneit.ies in 
the sample might cause weak ferromagnetism. Goodenough 
cited the work of Dzialoshi.nskii 33 , 38 and Bozorth40 as a 
possibility, but suggest.ed that. extremely pure materials 
had not been prepared to confirm this mechanism. Later, 
45 in his book, Goodenough st.at e d that the impurit.y or 
preferent i.al ordering mechanisms did not account·. for the 
st.rong dependence of t .he magnetic propert.ies upon the 
33 
magnet.ic symmet.ry of t .he cryst.al. He thus acknowl-
edged t .hat. weak ferromagnetism was very likely a property 
of certain crystals. 
The magnet.ic propert.ies of polycryst.alling Mnco 3 
and CoCo~ were investigat.ed in 1956 by Borovik-Romanov 
33 
36 
and Orlova, using the Faraday method. These materials 
I 
were found to be antiferromagnetic, but below the Neel 
temperature they exhibited a small spontaneous magnetic 
moment. At the time of these measurements the mechanism 
of weak ferromagnetism was not. known, but they concluded 
that weak ferromagnetism was not the result of impurities 
as t .hey obtained good agreement between samples from in-
dependent sources. They suggested that the small spontane-
ous magnetic moment which they observed was due to the 
spins not being exactly antiparallel to each other. Measure-
ments were performed later on single crystals of Mnco 3 and 
Coco 3 which demonstrated a strong dependence of the magnetic 
46 47 properties upon the crystal syrrunetry. ' The conclusion 
from this work was that the spontaneous magnetic moment 
lay in the basal plane of these trigonal crystals. This 
was strong evidence for the existence of weak ferro-
magnetism as a crystalline property. Borovik-Romanov 
and Ozhogin~ 7 using the thermodynamic potent.ial of 
Dzialoshinskii, 33 showed that a sharp peak in the sus-
I 
ceptibility at the Neel point could be expected for weak 
ferromagnets. 
33 38 Dzialoshinskii 1 s arguments ' were based upon the 
34 
thermodynamic theory of Landau phase transitions of the 
second kind. He demonstrated that the energy minimum of 
the two sublattices of an antiferromagnet was for spins 
slightly canted toward each other rather than being exactly 
antiparallel. It was necessary for these canted spin arrange 
ments to obey certain group theoretical symmetry operations. 
In other words, the spin of an atom in one sublattice should 
be carried into the spin of another atom in the second sub-
lattice by using an inversion, reflection, rotation or 
some other symmetry operation. 
In order to include the spin in the group theoretical 
symmetry operations, it was necessary to introduce a new 
symmetry element called the time inversion element. This 
symmetry operation had the effect of reversing the spin at 
a lattice site. The addition of this symmetry element ex-
panded the list of 32 crystallographic point groups by an 
additional 58 magnetic point groups. Thus there was a 
total of 90 magnetic point groups or magnetic classes of 
which the 32 crystallographic classes were trivial. A 
list of the 90 magnetic classes is given by Bhagavantam48 
and also by Opechowski and Guccione. 49 The 230 space 
groups which were derived from the 32 crystal classes 
35 
were expanded by an additional 1191 nontrivial magnetic 
space groups. The list of 1421 classes of magnetic space 
groups is also given by Opechowski and Guccione. 49 
Bhagavantam50 as well as Opechowski and Guccione49 list 
the admissible ferromagnetic classes, shown in Table IV, 
which allow an invarient spontaneous magnetic moment. 
This list was derived from group t .heoretical arguments 
which will not be described here. It is a necessary con-
dit.ion that a weak ferromagnetic mat.erial belongs to one 
of these classes. 
Turov51 considered the necessary and sufficient con-
ditions for weak ferromagnetism and by complicated group 
t .heoretical arguments est.ablished the crystallographic 
space groups which allow weak ferromagnetism. This list 
of allowable space groups is given in Table V. The space 
b h f B k . · 52 d d d group num ers are t ose o o 11 an o not correspon 
to the space group numbers of the Int.ernational X-Ray 
tables. 5 3 
Moriya 3 7 employed two different. mechanisms to explain 
the weak ferromagnetism of a-Fe 2o3 and NiF 2 . Anisotropic 
spin-spin interaction is used to explain the weak ferro-














LIST OF THE ADMISSIBLE MAGNETIC POINT GROUPSa 




4 4/m 42'2' 
42'm' 4/rrun'm' 
3 32' 3m' 3m' 
6 6/m 62'2' 
6m'2' 6/rrun'm' 
n = 3 1 
Admissible spin directions 
Any direction 
n = 2 
1 
Perpendicular to the axis 
Any direction in the plane 
n = 1 1 
Perpendicular to the plane 
Perpendicular to the unprimed plane 
Along the unprimed axis 
Along the axis 
Along the axis of higher order 
Along the axis of higher order 
Along the axis of higher order 
Along the axis of higher order 
Along the axis of higher order 
aAfter Bhagavantam, Ref. 50, and Opechowski and Guccione, Ref. 49. 
bThe prime indicates the presence of the time inversion syrrunetry element. 
The associated crystallographic point group is found from the listed magnetic 




LIST OF SPACE GROUPS PERMITTING WEAK FERROMAGNETISMa 
Nos. 



















appears in t .he spin Hamiltonian, where d is t .he coupling 
- -constant vector, and s 1 and s 2 are the two coupled spins. 
This term is seen to have the effect of canting the spins, 
as it is minimized when the two spins are perpendicular to 
each other. The origin of this interaction is found in 
the difference of the g-tensors of the two ions. The 
symrnet.ry of this g-tensor is determined by the cryst.al 
symmet.ry. 54 Moriya37 tabulates t .he rules for the direction 
of d, the coupling constant vector of equation (21). In 
general, his conclusions regarding a -Fe 2o3 are t .he same 
as those of Dzialoshinskii's. 
The interact.ion responsible for weak ferromagnetism 
in NiF2 is of the form
37 
(22) 
This int.eract.ion is known as the spin Hamilt.onian, appear-
ing in t .he analysis of paramagnetic resonanc e experiment.s. 
E is det.ermi.ned from paramagnetic resonance data, and s 1a, 
slb' s2a' s2b are the spin component.s of t .he two coupled 
spins in the crystallographic direction a and b. This 
type of interaction is called single ion anisotropy and 
39 
will result in cant.ed spins when t .he directions of easy 
magnet.ization in t .he different magnet.ic sublat.tices do not 
coincide. From inspection of the NiF 2 crystal structure, 
it appears that the easy directions would logically not 
coincide. 
Weak ferromagnet.ism may also be closely connected 
wit.h the piezomagnet.ic effect in ant.iferromagnetic sub-
55 
stances. Both are strongly dependent upon the crystal 
symmet.ry, and bot.h are similarly explained by canted spin 
arrangement.s. Borovik-Romanov56 has successfully observed 
t .he piezomagnet.ic effect. in COF 2 and MnF 2 • 
An i.nt.erest.ing appli.cat.ion of weak ferromagnet.s has 
been found as the t .orque producing rot.or for a gaussmet.er 
of the GE type. Subst.ances which have been used as rotors 
are ferromagnetic mat.erials, as well as paramagnet.ic and 
diamagnet.ic materials. Ferromagnet.ic mat.erials are useful 
only for relat.ively low fields, and both paramagnetic and 
diamagnetic materials are nonlinear. The spontaneous 
magnet.ic moment of a weak ferromagnet.ic material is inde -
pendent of the field up to very high fields. Thus, this 
type of material used as a rotor for a gaussmet.er would 
give linear readings up to very high fields. A gaussmeter 
40 
using YFe0 3 as a rotor was found to be linear up to 25 kG.
57 
B. Dielectric Properties 
The dielect.ric propert.ies of materials are also st.rongly 
dependent. upon cryst.al symmetry. Those dielect.ri.cs which 
have a linear relationship between polarization and applied 
electric field are called paraelectrics. They are not of 
interest here and will not be discussed. Crystals in which 
there is electric dipole-dipole ordering are of two types : 
ferroelectrics, and antiferroelectri.cs. 
Materials which display a reversible spontaneous elec-
tric polarization are classified as ferroelectrics. 
M 58 1" . f f 1 . f egaw 1.st.s t .en propert1es o erroe ect.r1cs, one o 
which is a sufficient condit.ion used t .o define ferroelec-
tricity: a crystal is ferroelectric if it exhibits re-
versible polarization as shown by a di.elect.ric hyst.eresis 
loop. The dielectric hysteresis loop is similar to the 
magnet.ic hyst.eresis loop of Figure 4, where the vert.ical 
and horizontal axes are electric polarization and electric 
field respectively. A characteristic of ferroelectrics is 
t .he fact that t .hey possess a Curie point. above which spon-
taneous polarization disappears. The dielectric constant 
rises to a peak at the Curie point and obeys the Curie-
41 
Weiss law above it .• 
One of the necessary conditions for ferroelectricity 
is t .he absence of a center of syrrunetry. There are 21 
classes of cryst.als which lack a center of syrrunetry. Of 
these, 20 are piezoelectric. That is, they become polar-
ized under t .he influence of stress. Ten of the 20 piezo-
electric classes exhibit pyroelectric effects. Pyroelectric 
cryst.als are spont.aneously polarized. Because of surface 
charges this polarizat.ion is apparent only when t .he t .empera-
ture of the crystal is altered. Ferroelectric crystals are 
a part. of t .he group of 20 pyroelectrics. 59 
In connect.ion wit.h cryst.al syrrunet.ry, it is observed 
that. t .he cryst.al st.ructure changes at the Curie t .emperature, 
T , of a ferroelect.ric. Thus, t .he ferroelectric struct.ure 
c 
has a lower symmetry than the nonpolarized state above T . 
c 
Crystals in which the electric dipoles are aligned 
ant.iparallel t .o each ot.her are called ant.iferroelect.rics. 
Antiferroelect.rics are somet.imes hard to dist.inguish from 
ferroelectrics because they also display a change in crystal-
lographic st.ructure at t .he transit.ion temperature. As 
with ferroelectricity, the unordered st.ate is of a higher 
synunetry form t .han the ordered st.ate. The dielectric con-
42 
st.ant. of an antiferroelect.ric mat.erial also rises to a peak 
at. t .he t .ransit.ion temperat.ure. However, just. below the 
t .ransit.ion temperature t .he dielect.ric const.ant. drops 
sharply wit.h decreasing t .emperature. This is a unique 
property sometimes used to distinguish antiferroelectricity 
from ferroelectricity. In addition, the ant.iferroelect.rics 
do not display a hysteresis loop below the transition t .emp-
60 
erature. 
C. Perovskite Structure 
A large number of compounds possess t .he st.ruct.ure of 
t .he perovskit.e family. Many of t .hese compounds are ferro-
electric or antiferroelectric. The ideal cubic perovskite 
st.ruct.ure, wi t .h space group Pm3m, is shown in Figure 7. 
The unit cell is out.lined by t .he dashed lines. All other 
st.ruct.ures in t .he perovskit.e family may be derived from 
t .his ideal structure by small dist.ortions and displace-
f . 61 ments o l .ons. Ferroelectrics having this st.ruct.ure 
are mainly ionic compounds with the composition AB0 3 . 
They are characterized by the presence of B0 6 octahedra 
sharing corners, with the vacancies between them occupied 
by A ions. In this structure, A is a large cation with 
coordination number 12, B is a small cat.ion wit.h coordi-
43 
nat.ion number 6, and 0 is a large anion (usually oxygen) 
with coordinat.ion number 6. Anot.her view of t .he perovski t .e 
st.ruct.ure is shown in Figure 8. This view is taken t .o be 
cubic close packing of oxide layers, one-fourt.h of which 
are the A ions. There is a B ion for every four of the 
close packed ions, so the B ions occupy one-fourth of the 
octahedral holes. 62 
Goldschmidt.63 has st.udied t .he perovskit.e struct.ure, 
and he established that the realization of this structure 
depends mainly upon t .he rat.io of t .he radii of the com-
ponent ions. From Figure 7, assuming t .hat the ionic spheres 
just touch, the following relationship is obtained: 
( 2 3) 
Where ra' rb' and r
0 
are the radii of the A, B, and 0 ions 
respectively. Goldschmidt demonst.rat.ed that t .he perovskit.e 
st.ruct.ure is st.able only if a t .olerance factor, t . , is con-
fined to a range of values in the neighborhood of unity. 
The tolerance factor is defined by 
r + r = t f 2(rb + r ) 
a o o (24) 
The perovskite structure is possible for a range of t from 




® A Cation 
• B Cation 
0 Oxygen Anion 
Figure 7. The perovskite structure, showing the 
oxygen octahedra. 
® A Cation 
• B Cation 
0 Oxygen Anion 
Figure 8. The perovskite structure, showing cubic close 
packing of oxide layers. 
45 
Venevtsev and Zhadanov64 have made a survey of the 
ferroelectrics and antiferroelectrics. Their conclusion 
was t .hat. for t . > 1 t .he B cat.ion is loosely held while for 
t < 1 the A cation is loosely held. For ferroelectrics, 
they found observed values of t . both larger and smaller 
t .han unity. For antiferroelectrics, t . was always less than 
unit,y, and t .he cells of these compounds exhibit.ed monoclinic 
dis t . or t . ion. 
If t .he 0 ion is oxygen in AB0 3 t .ype compounds, t .he 
valence of the A ions may be 1, 2, or 3, while that. of 
t .he B ions must. be 5, 4, or 3 respect.ively, in order 
t .hat. t.he positive valences of the cat.ions be numerically 
equal t ,o the sum of t .he negative valences, -6. In order 
for ferroelect.ricity t .o occur, t .he A ions and B ions must. 
have a high electron and ion polarization. The role played 
by t .he B0 6 oct.ahedra is very important. in the phenomenon 
of ferroelectricity. 65 This was recognized by Matthias 66 
who advanced the rule t ,hat. the B ion should have the con-
figuration of a noble gas for the occurrence of ferro-
1 . Th. 1 . b d b T. 4+ Z 4+ NbS+ T S+ e ectricLty. 1s ru e 1s o eye y 1 , r , , a , 
6+ 
and W • For example, in the perovskite ferroelectric 
2+ . 2 6 BaTi03 , the configuration of Ba Ls Ss Sp ; the con-
46 
f . . f T. 4+ . 1gurat1on o 1 1s th f . . f o2- . . e con 1.gurat1.on o 1s 
D. Electric-Magnetic Ordering 
Among the different groups of cryst.als, t .he perovskit.e 
st.ructure comprises a large number of ferroelect.ric or 
ant.iferroelect.ric compounds, as well as compounds wit.h 
. d . 42 magnet.1.c or er1ng. Characteristic of the perovskites 
wit.h t .he composit.ion of AB0 3 are t .he high elect.ric fields 
present at the lattice sites, due to the other ions of 
the lattice. These high electric fields are necessary 
for the appearance of ferroelectricity. As can be seen 
in Figure 7, the B cation-oxygen-B cation chains are equal 
0 to, or very near to, the 180 type bond discussed in con-
nection with superexchange. This is t .he opt.imum condit.ion 
for magnet.i.c ordering due t .o superexchange. From t .hese 
argument.s it. is expect.ed t .hat t .he perovski.t.e structure is 
the one most likely to exhibit the coexistence of electric 
and magnet.ic ordering. 
Some of the Russian workers, notably Smolenskii et 
al., 67 - 70 have discussed this phenomenon. They found that 
for high polarizability it was necessary for the B sub-
lat.tice ions to have the noble gas configurat.ion in the 
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ground state, and for the A sublattice ions to have an 
unshared pair of 6s electrons. Such pairs of electrons 
were apparently sterochemically act.ive. For example, an 
unshared pair of 2s electrons of oxygen can produce a 
large dipole moment in the water molecule. Such ions in 
f 1 . k" 1 . Pb2+ B. 3+ d a erroe ectr1c perovs 1te attLce were , 1 , an 
Tl 1+. None of these ions had a magnetic moment. Thus, 
it was necessary to add a concentration of transition 
elements with uncompensated spins into the B sublattice. 
However, these elements were characterized by low polar-
izability. A measure of success was reported for the 
ferroelect.ric-antiferromagnet.ic compounds PbFe0 • 67w0 . 33o3 
and PbFe0 • 5Nb0 • 5o3 • 
Smolenskii 71 considered theoretically the thermo-
dynamic properties of elect.rically and magnetically 
1 k 69,70 b w 0 ordered crystals. His ater war on P Fe0 . 67 0 . 33 3 
and PbFe0 . 5Nb0 • 5o3 failed to exhibit any direct correla-
tion between elect.ric and magnet.ic ordering. That is, 
the magnet.ic characteristics were not affect.ed by t .he 
electric Curie point; and similarly, the electric char-
' acteristics were apparently not affected by the Neel point. 
Tornashpol • skii et. al. 72 studied the system PbFe0 • 67w0 • 33o3-
48 
Pb2 YbNb02 . They reported anomalies in the t .emperature 
dependence of the spont.aneous magnetic moment at the 
ferroelectric transition point, as well as an inflection 
in the temperature dependence of t .he dielectric constant 
at t .he magnetic transition point. 73 Shverneva and Venevtsev 
list several other perovskit.es--some of which display a 
degree of ferroelectric-magnetic coupling. 
Another perovski t .e which exhibit.s either ferroelectric 
or antiferroelectric propert.ies as well as antiferromagnet.ic 
properties, is the compound BiFe0 3 • Although the B ion in 
this compound clearly does not. obey Matthias' rule,-;': it. 
apparently does possess some type of electric ordering. 
This material is the subject of t .his st.udy and will be 
discussed next .. 
E. Properties of BiFe03 and Solid Solutions 
1. BiFeo 3 • Because of t .he unavailabilit.y of single 
crystals of BiFe0 3 and the difficulty in preparing poly-
cryst.alline samples which are single phase, the nature 
of its physical properties has been a controversial sub-
ject in the literature. The dielectric properties are 
d . . f h h F 3+ . . 11 *For a LSCUSSLOTI 0 OW t e e LOTI partLa y 
obeys Mat.t .hias' rule. See part. 1 of the next section. 
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difficult to measure because of the assumed high Curie 
temperature, 0 850 C, and the measurement.s at high temperatures 
are hampered by high conduct.ivity. Although it. has been 
generally agreed that BiFe0 3 is an antiferromagnet. , whether 
or not it is a weak ferromagnet. ha$ not been answered. 
Polycrystalline samples of pure BiFeo3 exhibit a sharp 
' anomaly at the Neel t .emperature, which is charact.erist.ic 
of weak ferromagnetism; but. no spont.aneous magnetic moment 
has been reported. However, t .he addit.ion of small amounts 
of other perovskites to BiFeo 3 results in the appearance 
of a spont.aneous magnet.ic moment. The determination of 
the structure of BiFe03 , using neutron diffraction studies, 
has also been difficult because of the confusion of the super-
structure lines wit.h the impurit.y, Bi2Fe4 o 9 • 
Polycrystalline samples of BiFeo 3 were first reported 
74 75 by Filipev et al. and Venevtsev et al. X-ray analysis 
revealed t .hat. t .he unit cell had rhombohedral distort.ion 
with the lattice parameter, a, equal to 3.957 angstroms, 
0 
and t .he rhombohedral angle, CXRh' equal to 89 28' • 7 6 
Chou77 later confirmed these results at the University of 
Missouri at. Rolla. Est.imates of t .he tolerance fact.or of 
78,79 BiFeo3 ranged from 0. 8 9 t .o 0. 95. 
so 
On the basis of x-ray analysis, the space group of 
BiFe03 was found to be one of the following: R3, R~, R32, 
R3m, and R3m. Zaslavskii and Turov concluded that it should 
- 78 be R3m. However, this conflicted with other conclusions 
that BiFe03 was a ferroelectric, since this space group 
does not allow ferroelect.rici.ty. Knowing t .hi s, Tomashpol '-
skii80 conducted an electron diffraction study and concluded 
that BiFe03 should have t .he space group R3m which permits 
ferroelectricit.y. Knowing some of t .he neutron diffraction 
results, Smolenskii and Yudin81 discussed the space groups 
of BiFeo3 and elimi.nat.ed some of t .he possible groups 
because of their belief t .hat BiFe03 was a weak ferromagnet .• 
The space groups they eliminated did not permit weak 
ferromagnet.ism in the trigonal struct.ure from Turov' s 
k 51 h. h . . d . wor , w 1c 1.s surrunar1ze 1n Table V. Yudin82 later 
retracted some of these conclusions because the notation 
of Turov did not conform to that of the International 
X-Ray Tables. The basis for Yudin's conclusion that BiFe03 
was a weak ferromagnet. came from his work wit.h the BiFeo3-
PbFeO.SNb0.5o3 system. Extrapolation to pure Bi.Feo 3 
yielded a spontaneous moment even though it has never been 
observed experimentally. Yudin suggested that Bi.Fe0 3 was 
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possibly a longit.udinal weak ferromagnet. Tut.ov83 explained 
longitudinal weak ferromagnetism on the basis of numerical 
differences in the g-factors of t .he magnet i.e sublatt.ices, 
rather than a canting of the spins as in ordinary weak 
ferromagnetism. Since some neutron diffraction studies 
had suggest.ed t .hat. BiFe03 possessed superstructure, Yudin 
recently proposed the space groups R3, R3, R3m, and R3m. 84 
These space groups would allow longitudinal weak ferro-
magnetism in t .he presence of superst.ructure. Superstructure 
appeared to be a necessary condition for longitudinal weak 
ferromagnet.i sm in BiFe03 , but. it.s presence did not suffi-
ciently prove that weak ferromagnetism was present. Yudin84 
also suggested the space groups R3c or R3c for BiFe0 3 which 
would permit ordinary weak ferromagnetism. Thus, several 
conflicting opinions were expressed in the literature re-
garding t .he space group of BiFe03 , and no conclusion could 
be reached. 
The known t .it.anat.es wit.h the perovskit.e st.ruct.ure 
h . h . B. 3+ h h. h C . t t w ~c conta1.n ~ ave a ~g ur1e empera ure. Smolenskii 
68 0 
et al. report.ed a Curie temperature of 320 C for Bi 0 . 5Na0 _5 
Tio 3 , and 380°C for Bi0 • 5K0 • 5Ti0 3 • They also prepared 
Bi 0 • 5Na0 • 5zro3 and Bi0 . 5K0 • 5zro 3 , but did not report 
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the dielectric properties. In BiFe0 3 , the Fe
3+ ion does 
not have t .he noble gas shell and thus does not. sat.isfy 
Matthias' rule. The Fe 3+ ion has a half-filled 3d level, 
6 
corresponding to a S st.ate, which imparts a stability 
comparable t .o ions having the noble gas configurat.ion. 85 
Still, the appearnce of ferroelectricity in BiFeo 3 would 
be unique among t .he known perovskite ferroelect.rics. 
To answer the question of ferroelectricity, Fedulov 
76 
et al. performed x-ray analysis on BiFe0 3 which revealed 
that no phase transition occurred up to the incongruent 
0 
melting point at 850 C. He concluded that a Curie point, 
if it. exist.ed, lay above 850°C. The basis for his argument 
for a Curie point. was the invest.igat.ion of the BiFeo3 -
PbTi0 3 system. Here a high dielectric constant was ob-
served, and an increase in the c/a ratio was found with 
. . B.F 0 75 F d 1 1 . d 1ncreas 1ng 1. e 3 cont.ent. e u ov at er surrunar1.ze 
this work and concluded that the Curie point was approxi-
mately at 850°C. 8 6 In another paper, Fedulov et. al. 8 7 
discussed the occurrence of the high Curie point in terms 
of polarizabilities of the ions concerned. Previous to 
t .he discovery of BiFeo3 , the highest. known Curie point 
in the perovskites was that of PbTiO ~ (490°C). He 
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attributed the high Curie temperature to the large polar-
izability and charge of the bismuth ion, compared to the 
lead ion in PbTi0 3 . Recently, Roginskaya et a1.
88 have 
argued convincingly in their work with the BiFeo 3-
PbFe0_5Nb0_5o3 system that BiFeo3 is a ferroelectric. 
At about the same time of the early Fedulov75 , 76 
results, Smolenskii68 studied the system BiFeo 3 -
PbFe 0 . 67w0 _33o 3 and concluded that the Curie point should 
lie near 600-700°C. He refused to cormnent on whether 
BiFe0 3 was ferro- or antiferroelectric. In 1964, Smolen-
k . · 1 69 , 70 d h B.F 0 b bl . h s 11 et a . state t at 1 e 3 was pro a y ne1t er 
ferro- nor antiferroelectric. His basis for this conclu-
sion was unclear. In the work on BiFe0 3-LaFe0 3 , Roginskaya 
et a1. 79 reported that for concentrations less than about 
82 mole per cent of BiFe03 , the solid solution was anti-
ferroelectric. Above this value, they claimed the solid 
solutions were ferroelectric; but they could give no 
direct evidence, such as a dielectric maxima. This work 
cast some doubt on earlier results which suggested ferro-
electric properties for BiFe0 3 . 
In their work with BiFe0 3 - PbFe 0 • 5Nb 0 . 5o 3 , Krainik 
et a1. 89 again raised the question of whether BiFe0 7 was 
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a ferroelectric. Investigations of the solid solutions, 
with the second components being either BaFe0 _5Nb0 _5 o 3 
or 
LaFe0 3 , led to the conclusion that BiFeo 3 was antiferro-
1 t . 9° F th d b K .. k 1 91 h e ec r1c. ur er stu y y ra1n1 et a . on t e 
BiFe0 3 - PbFe 0 . 5Nb0 _5o3 system also led to the conclusion 
that BiFe0 3 was antiferroelectric. Because of the high 
conductivity of BiFe0 7) samples, t .hese conclusions may be 
questioned. 
The fact that BiFe03 was a perovskite led to the ex-
t t · f t · d · b f the Fe 3+-o 2--Fe 3+ pee a 1on o magne 1c or er1.ng y means o 
chains of ions. Since these bonds are the 180° bonds dis-
cussed previously in connection with superexchange, anti-
ferromagnetism was expected. This was confirme d by Smolen-
skii et al. 92 who observed a Curie-Weiss law for 1/X(T), 
and found a negative intercept on the temperature axis. 
The Neel temperature was found to be at 370°C. The sus-
I 
ceptibility also displayed a very sharp peak at the Neel 
point, 92,93 characterist.ic of weak ferromagnet. ism. 47 
However, no spontaneous magnetic moment was found. The 
temperature charact.erist.ic of t .he susceptibility for BiFe0 3 
is seen in Figure 9. Mossbauer studies at the University 
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Figure 9. Temperature dependence of the susceptibility 
of BiFe0 3 • (After Smo1enskii et al., Ref. 92.) 
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In order to obtain additional information on t .he 
crystal structure of BiFeo 3 , neutron diffraction studies 
were undert.aken. In x-ray diffraction studies, the patterns 
are determined mainly from the positions of the heavy iron 
and bismuth ions. The oxygen ions have a much smaller 
x-ray scattering amplitude, which is proportional to the 
atomic number. In neutron diffraction studies, the coherent 
neutron scattering amplitude varies only slightly with atomic 
number. Thus, if the oxygen atoms are displaced from their 
normal positions in the latt.ice, this should be revealed 
by neutron diffraction. The analysis of Kislev et a1. 95 , 96 
demonstrat.ed t .hat. the magnetic unit. cell of BiFe0 3 was a 
factor of t .wo larger than the chemical cell. This analysis 
also revealed t .hat. t .he magnetic structure was o f t ype G. 
The G structure is one in which each magnetic moment is 
surrounded by six nearest neighbors of antiparallel moments. 
A space group of R3m was also proposed for BiFe0 3 . The 
study by Plakht.ii et al. 97 has shown that t .he magnetic 
unit cell cont.ains two formula unit.s. It. was assumed 
that the o 2 - ions had shifted from their special positions 
in the lattice and were responsible for the superstructure. 
The inferred structure was one which allowed weak ferromag-
net ism. 
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98 Achenbach has also performed neutron diffraction 
studies on BiFe0 3 . His conclusions confirmed the G type 
structure for BiFe03 . He was also able to prepare high 
purity BiFe03 with no detectable amounts of Bi2Fe4 o9
• 
Using this high purit.y material he determined t .hat a super-
structure was present. and that the magnet.ic unit cell 
probably contained t .wo formula unit.s. 
' As stated previously, the sharp peak at the Neel 
point of BiFe0 3 suggested that it possessed weak ferro-
.magnet. ism. Since no spontaneous magnetic moment, m , 
0 
.had been observed, the usual procedure was to prepare 
solid solutions with other perovskites and extrapolate the 
values for m
0 
to pure BiFe0 3 . Since the neutron diffraction 
,work predicted a double magnetic cell, the periodicity of 
the elect.ric field was half the periodicity of the magnetic 
field. It was suggested that the electric field could 
possibly perturb the neighboring magnetic moments in such 
a manner t .hat noncollinearity or weak ferromagnetism was 
95 the result. A spontaneous magnetic moment was predicted 
79 for BiFe0 3 in t .he BiFe0 3 - LaFe0 3 system, in which LaFeo 3 
,was a known weak ferromagnet. However, the accuracy of 
the apparatus used in that investigation was of the same 
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order of magnitude as t .he very small moments predicted for 
pure BiFe0 3 . The BiFe03 - LaCro 3 system was studied by 
the same group, and t .he results of .this st.udy also pre-
dicted a spontaneous magnetic moment for BiFeo3 •
9 9 
Yudin has recently considered the question of weak 
ferromagnetism in BiFe0 3 by studying the BiFe0 3 - PbFeO.S 
b 0 t 81,82,84,100 N 0 • 5 3 s y s em. He attributed the existence 
of no spontaneous magnetic moment in BiFe0 3 to high aniso-
tropy in the magnetic latt.ice. He suggested in his earlier 
papers that perhaps a higher magnetic field would be 
necessary to perturb the spin directions in the polycrystal-
81 100 line samples. ' In a later paper, fields up t .o 22k0e 
were used at room temperature, but no spontaneous magnetic 
moment was indicated. Yudin argued that it may be possible, 
by using still higher fields, to observe a spontaneous 
magnetic moment. in BiFe03 . The opinion was held that the 
anisotropy was so high that only antiferromagnetism was 
energetically favorable. The introduction of a higher 
magnetic field could possibly induce a change in magnetic 
84 
structure such that weak ferromagnetism was favored. 
Yudin82 also presented some evidence of ordering of the 
iron and niobium ions in the solid solutions. This 
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ordering was assumed to be of short range rat.her than t .he 
long range type. The possibility exists, if ordering is 
present at all, that it. may result in a small spontaneous 
magnetic moment, since this type of ordering would allow 
one sublattice to have a greater density of iron ions than 
the ot.her. 
Proof of ordinary weak ferromagnetism is possible, 
only in single crystals, if a sharp peak is observed in 
X.l(T) at the N~el point, and its absence in Xn(T). 47 
Unfortunately, large single crystals of BiFeO ~ have not 
been reported in the literature. 
R . k 1 88 . d h b f og1ns aya et a . po1nte out t at, ecause o 
syrrunetry laws, ordinary weak ferromagnet.ism, in which the 
chemical and magnetic unit cells coincide, could not co-
exist with ferroelectricity for the space groups assigned 
He attributed the superstructure lines mentioned 
earlier in the neutron diffraction work to the presence of 
a second phase of composition Bi2Fe4 o 9 . Thus, the con-
clusion was that the double cell mentioned earlier for 
BiFeo 3 was nonexistent; and as a consequence, BiFeo 3 was 
a compensated anti ferromagnet. Recent.ly another group, 
91 Krainik et al., suggested t .he same t .hing. The work of 
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98 Achenbach tends to · invalidat.e these argument.s. He was 
able to prepare high purity BiFe0 3 , and the superstructure 
line appeared even though Bi2Fe4o 9 was not present. 
The thermomagnetic treatment for BiFe03 solid solu-
t . . t• d. 1 b yd. 81,82,100 1ons Ls men .1one Ln severa papers y u 1n. 
He mentioned a strong effect brought about by this treat-
ment, which is evidence of anisotropy in the lattice. 
Other papers do not mention the t .hermomagnetic treatment, 
but. it is assumed t .hat. it. was performed on the samples 
investigated. For the details on the thermomagnetic 
treatments used on the samples which are the subject. of t .his 
dissertation, see chapters III and IV. 
The possibility of elect.ric and magnet.ic interaction 
existed for BiFeo 3 , since elect.ric and magnet.ic ordering 
both depend upon the interatomic distances. In the BiFe0 3-
79 99 LaFeo 3 system, as well as the BiFe0 3 - LaCr0 3 system, 
a step-like change in t .he spontaneous magnetic moment. 
occurred at a phase transition. In both cases, the 
electric ordering was assumed to be antiferroelect.ric on 
one side, and ferroelectric on the other. This phenomenon 
was given as evidence for elect.ric-magnet.ic interact.ion. 
In pure BiFe0 3 , two different observers, Roginskaya et a1.
88 
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and Tomashpol' skii et al., 101 report.ed changes in t .he unit 
cell paramet.ers, as well as anomalies in t .he dielectric 
t t t th N ' 1 t t K .. k 1 91 d. cons an . a e ee empera ure. ra1.n1. et a . 1.s-
counted this evidence because of his assertion that a phase 
' transition occurs in BiFe0 3 near the Neel temperature. It 
is possible, however, that a phase transition at this point 
may be the result of elect.ric-magnet.ic interaction. 
2. . 7 5 8 6 The early stud1es ' on the 
BiFeo 3-PbTi0 3 system indicated that additions of BiFe03 to 
PbTi0 3 resulted in solid solutions throughout the range. 
PbTi0 3 had been found to be a ferroelectric with a t .etragonal 
unit cell. The cell dimensions at 25°C were a= 3 .904R, 
0 102 
and b = 4.150A. Indications were that with the addition 
of BiFeo
3
, the c/a ratio increased in the tetragonal region 
up to a phase change at approximately 70 mole per cent BiFe0 3 , 
at which t .he lat.tice changed t .o a rhombohedral modification 
isomorphous with pure Bi.Fe0 3 . The Curie temperature was 
also shown from x-ray data t .o increase from 490°C for 
0 PbTi0
3 
to an extrapolated value of 850 C for pure BiFe0 3 • 
87 In a lat.er, more complet.e study, Fedulov et al. 
presented the crystallographic results, depicting the cell 
paramet.ers which indicated cl early t .he phase change at. 70 
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mole percent BiFe0 3 . These results, shown in Figure 10, 
were confirmed recently at the University of Missouri at 
Rolla. 93 Th . e Curle t .emperature has recently been investi-
t d b S . hl03 f h. ga .e y mlt or t 1s system. He was able to observe 
maxima in t .he dielect.ric constant. on t .he rhombohedral side 
of the phase transition. Thus, the extrapolation of the 
Curie point to pure BiFe0 3 could be done with more confi-
dence. A Curie t .emperature of about 850°C was determined 
for pure BiFe0 3 by extrapolation. 
The magnetic measurements were presented in another 
104 paper by Fedulov et al. These measurements were carried 
out. using t .he Faraday method; t .he results are shown in 
Figures 11 and 12. The suscept.ibility may be obtained 
from Figure 11 by dividing the specific magnet.ization by 
the magnet i.e field, however, it. was not specified. The 
' 0 Neel t .emperat.ure of pure Bi.Fe0 3 was found t .o be 370 C. 
It is noted t .hat a spont.aneous magnet i.e moment was present. 
over a wide concentration range, and the susceptibility 
maxima did not occur at t .he same t .emperature at. which the 
spont.aneous magnet i.e moment. disappeared. 
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Figure 10. Lattice parameters for the BiFeO -PbTiO 
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Figure 11. Temperature dependence of the specific 
magnetization for the PbTi0 3 -BiFe0 3 system. The figures near 
the curves indicate the percentage content of BiFeO in the 
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Temperature dependence of the spontaneous 
for the PbTiO -BiFeO system. The figures 
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indicate the percentage content of BiFeO 
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(After Fedulov et a1., Ref. 104 .) 
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because of the difficulty in preparing solid solutions which 
were single phase. PbZr0 3 had been found to be an anti-
ferroelect.ric with a multicell ort.horhombic struct.ure, or 
pseudotet.ragonal structure. The latt.ice parameters at. 25°C 
were a = 5.873~, b = 11.746~, and c = 8.228~. Eight sub-
cells were cont.ained wi t .hin t .he multiple cell. 105 Venevt.sev 
106 
et al. report.ed t .he dielect.ric and magnetic results for 
t .his system, using samples which were probably not single 
phase. The result.s of the magnet.ic measurements are shown 
in Figure 13. 
The crystallographic and dielectric properties of the 
BiFe0 3-PbZr0 3 system have recently been investigated in-
tensively at the University of Missouri at Rolla. 77 , 85 , 93 , 103 
The crystallographic results from x-ray diffraction a nalyses 
are shown in Figure 14. It. is not.ed that. at. the composit.ion 
containing 20 mole percent BiFe0 3 , a phase transition occurs 
from the mult.iple cell ort.horhombic phase. Another phase 
transit.i.on t .o the rhombohedral modification isomorphous 
. 77 85 93 
with pure BiFe0 3 occurs at 75 mole percent B1Fe0 3 . ' ' 
With the addition of BiFe0 3 to PbZr0 3 , the Curie point 
0 
was found to decrease from 230 C for pure PbZro 3 to a 















Figure 13. Temperature dependence of the specific 
magnetization for the PbZrO -BiFeO system. The figures 
3 3 
near the curves indicate the percentage content of BiFeO 
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Figure 14. Lattice parameters of the PbZrO -BiFeO 3 3 
system. (After Chou, Ref. 77.) 
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cent BiFeo 3 . At this point the dielectric properties change 
fr om antiferroelectric to ferroelectric properties. There-
after, the Curie point was seen to increase up to 50 mole 
percent. BiFeo 3 . Dielectric measurements were not taken 
above 50 mole percent BiFe0 3 because of high conduc-
t . . t 7 7 , 8 5 , 9 3 Th C . . f . 1.v1 .y. e ur1.e po1.nt. o B1.Feo 3 was estimat.ed 
0 to be about 850 C by extrapolation. L S . hl03 ater, m1.t was 
able to extend the dielectric measurements through 90 
mole percent BiFe0 3 . His results predicted a Curie point 
of about 850°C for pure BiFe0 3 . 
4. BiFe03-PbTi0 3-PbZr0 3 . A continuous series of 
solid solutions exist for the PbZro3-PbTi0 3 system. From 
100 to 45 at.omic percent t .itanium, t .he st.ruct.ure is t .et-
ragonal and ferroelectric, isomorphous with pure PbTi0 3 . 
Bet.ween 45 and 5 atomic percent t .itani.um, a ferroelect.ri.c 
rhombohedral modification occurs. Below 5 atomic percent 
titanium, the structure is isomorphous with that of pure 
A Curie t .emperature minima occurs at. each of the 
h . . 107 p ase trans1.t1.ons. 
108 Ikeda and Okano reported on the addition of up to 
SO mole percent BiFe0 3 to the PbZr0 3-PbTi.0 3 system. Their 
investigation was confined to a limited region near the 
69 
compositional line [ 50PbZr0 3 ·50PbTi0 3 ] with crystallographic 
and dielectric results emphasizing t .he region of the phase 
transition at 45 at.omic percent. titanium. Recent.ly, Clarida109 
has extended the crystallographic results for the entire 
BiFe03-PbZr0 3-PbTi03 system, using x-ray diffraction analysis. 
Gerson and James 110 have discussed the crystallographic and 
dielectric results of this system in detail. A phase dia-
gram for room t .emperat.ure is given in Figure 15. 
The dielectric properties of the BiFe0 3- [ SOPbZr0 3 ·SOPbTi0 3 ] 
d . d b s . h 103 system were stu Le y m1t • With additions of BiFe03 , 
the Curie t .emperat.ure decreased slightly from a value of 
400°C for pure [ 50PbZr03 · 50PbTi03 ] to a minima at. about 15 
mole percent BiFe0 3 . The Curie point then increased in 
107 0 
agreement with Ikeda and Okano to 500 C for 50 mole 
percent BiFeo 3 • The Curie temperat.ure t .hen reached a 
plateau until about 70 mole percent BiFe03 was reached. 
The Curie temperature then rose sharply to an extrapolated 
0 
value of 850 C for pure BiFe0 3 . 
In surrunary, it. has been well est.ablished that BiFe0 3 
is antif e rromagnet.i c wit.h a G-type structure. Whet.her or 
not. it i s a we ak fe rromagnet. depends strongly upon whet.her 
it can be established that BiFe03 possesses superstructure. 
Figur e 15. 
(After PbZrO 3. 
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Even if the existence of superstructure could be proven, 
this would not. establish whet.her weak ferromagnet.ism is 
present. Only careful investigation of single crystals 
would resolve the question. The literature is in general 
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agreement that BiFe0 3 is either ferroelectric or anti-
ferroelectric. The work at the University of Missouri at 
Rolla 77 ' BS, 93 , 103 , 109 , 110 tends to establish ferroelectric 
propert.ies. 
F. Experimental Methods 
The methods used for measuring t .he rnagnet.ic suscept.i-
bi li t .y of materials are divided into three major classes: 
measurement. of t .he force on a material in a magnetic field, 
measurement of the induct. ion near the sample, and indirect 
measurement.s of phenomena which involve t .he magnetic proper-
t .ies. The force method will be emphasized in this section, 
and induction methods will be discussed in the sub-section 
tit. led "Other Methods." Indirect methods, such as measuring 
the Faraday effect or the ferromagnetic Hall effect, will 
not be discussed at all. 
Experiment.al methods for measuring the magnet i.e sus-
ceptibilit.y of materials using t .he force method have been 
in the literature since before the turn of the century. 
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One of the first was the Gouy111 method which utilized a 
homogeneous magnetic field. Another met.hod usually called 
the Faraday112 method, or the Curie113 method, used a non-
homogeneous magnetic field. A refinement to the Faraday 
114 
method was made by Fereday when he developed bet.t .er 
pole pieces for this method. These highly sensitive 
met.hods are still commonly being used in scientific research. 
The force method is based on the principle that the 
force a body experiences in a magnetic field is relat.ed to 
its suscept i bi li t .y. For most mat.erials the forces involved 
are very small, so a very sensit.ive balance is usually 
employed. The relationship between t .he force on the body 
and the susceptibility was developed from the classical 
equations of the force exerted upon a magnet.ic dipole in 
a magnetic field. 
If a magnetic dipole, 
-
_. 
m, is placed in a magnet.ic 
fie 1 d of in t . ens it y , H , it. s pot en t ia 1 energy , U , in vacuum 
is 
u = -~·H ( 25) 
The force acting upon the dipole is given by 
- - -f = -VU = m·vH ( 2 6) 
_. 
The scalar product, m·v, may be thought of as an operator 
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-acting on H, where 
~ ·V = m J_ + m J + m c) 
xJx yc}y zJz· ( 27) 
Then equation (26) becomes 
-f 
( 28) 
For the case in which no current.s flow, Amperes law 
gives the result. 
-VX H = o, ( 2 9) 
and the following relat.ions are obt.ained: 
JH JH JH JH JH JH 
z 
_:L. X z _:L. X 
JY = JZ Jx Jz ' ' Jx ~y (30) 
Then equation ( 28) becomes 
-
" d H d H JH 
• ( X _:L. z f l m -- + m + m ox ) x dx y dx z 
A JH JH c)H 
+ • ( X + m _:L. + m dyz) J mx IY y ~y z 
A JH c)H dH X 
_:L. z + k (m JZ + m + m ~) (31) X y c} z z 
which is wr i tten more compactly as 
74 
.... 
f ... Jti m·-dz (32) 
If t .he dipole were placed in a region in which t .he field 
varied only in the z direction, 
then 
... .... 








Thus, equation (32) has only a z component. and the partial 




Consider a small body of magnetic moment per unit. 
-volume, M, then t .he force per unit volume, f , is 
zv 
--f = M. dH 
zv dz (36) 
The tot.al force on the body, F 
zl' is 
.... 
fv -+ dH F = M . dV (37) zl dz 
where t .he integration is over the volume of the body. The 
volume magnet.ic suscept i bilit.y of an i sot.ropi.c body, I( , is 
related to M by the expression 
- -M = K H , ( 38) 
where K. is a dimensionless scalar quantit.y. In anisotropic 
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substances, K is a tensor. 
There is some confusion in the literature regarding 
the dimensions of K. and t .he gram susceptibilit.y, X.. This 
confusion probably stems from the uncertainty as to whether 
-the magnet.ic induct.ion, B, and t ,he magnetic field int.ensit.y, 
-H, are dimensionally equivalent. Since K is the suscepti-
bility per unit. volume, it would appear t .hat it should have 
the units of reciprocal volume; but. it. has been chosen to 
be dimensionless. The magnetic susceptibilit.y per unit 
mass, X. , is obtained by dividing K. by the dens it.y, p , of 
the material: 
"V = ...K 
J'.- p ' (39) 
Since K is dimensionless, X has the dimensions of reciprocal 
3 density or em /g. The molar susceptibility is given by the 
gram susceptibility times the molecular weight, or 
~ M = X.x(Mol. Wt.) (40) 
If equation (38) is used, equation (37) becomes 
... 2 ( KH . dH dV = ~ ( d (H ) dV 
'v dz 2 lv dz ( 41) 
for a body in vacuum. If, however, t .he body is in a medium 
of susceptibility K. , it displaces a volume of t .he medium 
0 
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which would experience a force 
Fzo = ~ofv ~iH2) dV. (42) 
This force is subtracted from equation (41) to obtain the 




The similarity to Archimedes principle is noted. Expression 
(43) is similar to those found in Bates 115 and Heyding 
et a1. 116 
1. Gouy method. A specimen of length L and constant 
cross sect.ion A is considered in which L lies along the z-
axis. After integrating over the cross section, A, equation 
(43) becomes 
(44) 
where z 2 
(45) 
where H1 is the f ield at. z 1 and H2 is the field at z 2 . 
117 Thus the expression f or the force on a sample becomes 
( 4 6 ) 
When a sample of uniform cross sect.ion is placed in a 
magnet.ic field so that. its lower end is in a region of high 
77 
field, H1 , and its upper end is in a region of low field 1 
H2 , the force act.ing in the downward direc.t.ion is given by 
equation (46). Experiments in which this force is measured, 
as in Figure 16, are referred to as the Gouy method. 
A serious problem arises if some ferromagnetic impuri.t.y 
is in the sample. Then instead of equation ( 38), one has 
M = KH + eM (H) , 
0 
( 47) 
where c t .imes t .he volume of the sample, V, is the volume of 
-the i.mpurit.y, and M (H) is the magnet.ic moment of the im-
o 




[KH + eM (H)] . dH dV , 
o dz (48) 
and if steps parallel to those leading to equation ( 46) are 






2 2 Hz 
A (H -H)+ cAr M (H) . dH . (49) 2 1 JH o 
1 
The last term is very difficult to evaluate for the Gouy 
met.hod if the upper end of the sample is in a region where 
the ferromagnetic impurit.ies are not in a saturating field. 
118 Henry and Rogers used a special pole fa.c.e, shown 
in Figure 17, for which both ends of t .he sample were in a 
saturating field. - --. Then M (H) is given by M whi.ch is 
0 0 
constant. over t .he length of the sample. If M 
.... 
-+ to the field, the product M . dH is given by 
0 
the last term in equation (49) is 
Thus equation (49) becomes 
F _ C K- Ko) 2 2 z - 2 A (H2 - Hl) + cAMo(H2-Hl) 
















2) . l l .S the measured volume susceptibility 
K h . f K . 119 B. T e expressLon or B Ls 
2cM 
0 
A plot of KB versus (H2 + H1 ) -l gives a value for K.- K0 
for the intercept along the KB axis. 
(53) 
2. Faraday method. If a very small sample is used 
so that dH2 /dz is approximat.ely a constant over the volume, 
(43) b . 117 equation can e wr1tten 
F = ( K - Ko) dH
2 ( dV = ( K - Ko) dH2 
z 2 dz ~ 2 V dz (54) 
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Experiments in which this relationship is used to obtain 
the suscept.ibility of small samples in inhomogeneous fields 
are known as the Faraday met.hod. 
When the sample cont.ains a ferromagnetic impurit.y as 





2 f - dH 
= 2 V dz + c V Mo (H) . dz dV (55) 
_. 
For a small sample dH/dz is approximat.ely a constant. over 
-i t .s volume. Also, for large fields M (H) is sat.urat.ed. 
0 
Then, the last term of the above expression becomes 
-c~ M (H) . dH dV = c M dH v 0 dz 0 dz ' 
and t .he expression for F becomes 
z 
( K- Ko) dH2 
+ cVM 
dH 
F = v --
z 2 dz 0 dz 














where F (VH dH/dz) -l is t .he measured suscept.i.bilit.y, KB. 
z 
80 
An expression for KB which is similar to equation (53) is 
the result: 
K.- K 






-1 H yields a value for K- K as the 
0 
int,ercept. on t .he KB axis. This method is known as t .he 
Honda-Owens 120 method. 
(59) 
If t .he sample does not have magnet.ic impurities, but. 
rat.her has an inherent spontaneous magnet.ic moment. , t .he 
~ 
expression forM is similar to equation (47): 
- - -M = K.H + M 
0 
(60) 
By dividing through by the density of t .he sample, f , this 
expression becomes 
where 
-+ - _.. 
m = X.H + m 
0 
..... 
m is t .he magnetic moment per unit mass. 
m is t .he spont.aneous magnetic moment. 
0 
per unit mass. 
The expression for KB is similar to equation (59): 
(61) 
(62) 
By dividing through by the density, this expression becomes 
where 
"X-' -v _ Ko mo /\. P+H 
"X-' is t .he measured mass susceptibility. 
X is the true mass susceptibility. 
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(63) 
If equation (63) is multiplied t .hrough by H, the result is 
Ko 
"X.'H = CX-- -)H + m p 0 (64) 
The expression X.'H is called the measured magnetic moment, 
m', or 
m' = X..' H • (65) 
Then equation ( 64) may be wri.t.ten 
m ' = ( X. - Ko ) H + m p 0 (66) 
Usually K
0
/p can be neglected when compared to X., so t .hat 
equation (63) becomes 
m 
0 X' =X+ H , 





A plot of m' versus H is a straight line with slope ~ and 
intercept m along the m' axis. 
0 
121 Pole caps originally designed by Garber et al., but 
d . d d. 116 C HdH 1 es1.gnat.e Hey 1.ng, or onstant. dz po e caps, are 
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usually used for the Faraday method. These pole caps 
insure that the assumptions leading t .o equation (54) are 
valid. They are designed so that a large region exists 
1 t .he z ax1."s h th d HdH · a ong w ere . e pro uct. z l .s a constant. A 
cross section of t .he pole piece is shown in Figure 18. 
dH The gradient of H, dz, is seen t .o be negative so t .hat. 
equat.ion (54) gives a force in the downward direction for 
a sample with positive susceptibilit.y. 
The Faraday met.hod is still commonly used in scientific 
laboratories for measuring susceptibilities. Hatfield 
1 122 · d h f h F d h d . h . et a . ment1.one t e use o t e ara ay met o 1n t e1.r 
measurements. 
123 Hurd used it for making low t .ernperat.ure 
measurements on pyrex and fused quartz. Gerritsen and 
Darnon124 discussed the problems associated with this method 
at liquid helium t .ernperatures. An automatically-recording 
magnetic susceptibility apparatus, using the Faraday met.hod 
for t .emperature ranges of -196° t .o 500°C was described by 
Richardson and Beauxis. 125 The Curie-Cheneveau balance126 
was used with the Faraday rnet.hod at. low ternperat.ures by 
k d Wh . 
12 7 Th . . h d Na agorne an l .trnore. e1.r 1nst.rurnent a an accuracy 
-5 -8 3 
of 1% for susceptibilities of 10 to 10 ern /g. 




Cross Section A 
Figure 16. The Gouy method. 
To Balance 
Sample of 
Cross Section A 
Figure 17. The modified Gouy method. 
To Balance 
Figure 18. The Faraday method. 
Small Sample 
of Mass m. 
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method in which the inductance of a coil was varied by the 
susceptibility of a sample. This method is regarded t .o 
be less sensitive than the force methods already described. 
Th d 1 128 . 11 e pen u urn magnetometer 1.s act.ua y a form of the 
force met.hod in which a t .ransducer such as a semiconductor 
strain gauge is used to measure the force instead of a 
balance. The sample is mount.ed in the end of a long rod 
resting against the transducer. The torque exerted against 
the t .ransducer when t .he sample is in an inhomogeneous magnet.ic 
field is proport.ional t .o the magnet.ic moment of the sample. 
39 Watanabe used the pendulum magnet.omet.er t .o measure the 
moment of LaFe0 3 and NbFe0 3 . 
Another widely used method is the vibrating-sample 
128 
magnetomet.er. One aut.hor claimed that. it is accept.ed 
as the most satisfactory and reliable method of measuring 
t .he magnetic moment of low conductivit.y magnetic materials. 
Foner129 has described in detail this instrument for which 
he claimed a great deal of success. The instrument is 
basically a loudspeaker which drives a sample in a uniform 
magnetic field. A det.ection coil is placed around the 
sample in which a voltage is induced when t .he sample posit.ion 
is changed. This type of instrument offers some advantages 
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over the force met.hod when it is desired to obt.ain measure-
ment.s of magnetizat.ion versus applied field or cryst.allo-
graphic orient at ion. A change in susceptibility,~ X,, of 
-10 3 2 x 10 em /g, was detected, which is comparable to 
the most sensitive force methods. It has been used for 
magnet,ic measurements of ferromagnet,ic, ferrimagnet.ic, 
antiferromagnetic, paramagnetic, and diamagnetic mat.erials. 
Kaeser et. al. 130 described a similar inst.rument in which 
the coil is moved rather than t .he sample. 
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III. DESCRIPTION OF EXPERIMENT 
A. Preparation of Samples 
The samples prepared for this study were made usi.ng 
standard sintering techniques. Most of the samples were 
prepared by co-workers at the University of Missouri at 
Rolla Graduate Cent.er for Materials Research. The details 
on the preparation of the samples, as well as the x-ray 
1 . b f d . h k b Ch 77 Cl ·d l09 ana ys1.s, may e oun 1n t . e wor y ou, ar1. a, 
and Achenbach et a1. 131 
In general, t .he samples were prepared by mixing the 
stoichiometric amounts, using either a ball mill or an 
automatic mortar and pest.le. The mixture was cold-pressed 
in a small pill press and placed in a morganite crucible 
lined with platinum foil. The samples were sintered in a 
resistance wound furnace at temperatures of 800° to 1050°C 
for 1 to 3 hours. Some samples were ground, pressed, and 
fired for a second time for 1 to 2 hours at a temperature 
generally 50° to 100°C higher than the first. firing tempera-
ture. Ot.her samples were raised to t .he higher temp e r a ture 
while in the furnace without the intermediate regrinding 
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and cold-pressing. After the final firing the sample was 
ground into a fine powder. These sintering techniques 
were used to insure x-ray pure solid solutions of the 
BiFeo 3-PbTi.0 3-PbZro3 ternary system. 
B. Apparat.us 
The two corrunon force met.hods for measuring suscep-
tibilities of materials are the Gouy method and the Faraday 
method which have already been described. The Faraday 
method was chosen for this work for several reasons: 
(1) The Faraday method requires a small sample (5-15 
milligrams) while a much larger amount is required t .o pack 
into the Gouy tube for the Gouy method; (2) There are 
also packing errors involved with the Gouy tube which are 
avoided with the Faraday method; (3) The samples studied 
in this work were expected to have a spontaneous magnetic 
moment, and this would be very difficult to measure when 
using the Gouy method; (4) In experiments in which the 
temperature is varied, the volume over which the temper-
ature is controlled is much smaller for the Faraday method; 
and (5) Samples may be changed easily for the Faraday method, 
hence measurements may be made more rapidly. 
In the early stages of the contract period under 
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which this work was completed, an attempt was made to grow 
single crystals of BiFe0 3 . The Faraday method would be 
necessary for the study of the magnetic properties of 
single crystals. The disadvantage of the Faraday method 
is that it requires a sensitive balance to measure the 
small forces involved. The availability of a corrunercial 
electrobalance with the required sensitivity made the 
Faraday method feasible. 
A schemat.ic of the experiment is shown in Figure 19, 
along with the major pieces of equipment involved. A 
description of each piece of apparatus and its function 
follows. A listing of the apparatus is found in Appendix 
A. 
1. Electromagnet. To provide for the field, a 7-inch 
electromagnet was used wit.h detachable pole faces and a 
2-inch air gap. The windings were two tape-wound coils 
of 450 turns each and a resistance of 1 ohm per coil. The 
coils were water cooled and were designed for a continuous 
power input of 5 kilowatts at. 50 amperes. The magnet rested 
0 
upon a 45 frame, mounted on a rotating base fitted with 
a vernier. The power supply had a 3-phase 220 volt input 
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Figure 19. Functional diagram of the apparatus. 
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for a power rating of 5 kilowatts. 
2. Pole faces. The electromagnet was equipped with 
two sets of pole faces, one adopted for the Gouy method 
and the other set for the Faraday method. At full power 
the Gouy pole faces produced a uniform field strength of 
8000 to 9000 oersted. The Constant Force, or Constant 
HdH/dz pole caps were used for the Faraday method. Return 
frame spacer blocks were provided which allowed a 2-inch 
air gap between the Constant HdH/dz pole caps. At full 
power the field strength and the product HdH/dz at the 
6 2 
sample holder were 8000 oersted and 8 x 10 oersted /em. 
respect.i vely. Curves of H2 versus z are found in Appendix 
B. The linear portion of these curves correspond to the 
linear portion of the product HdH/dz. For a coil current 
of 50 amperes, the linear region was nearly 2 em. long in 
the vertical direction. 
3. Gaussmeter. The field strength was monitored 
with a gaussmeter which utilized a Hall Probe. Thus, the 
sensing element. was small, 2 mm. x 4. 5 mm. , with t .he 4. 5 
mm. axis oriented along the direct.ion of least gradient 
in B, and the gaussmeter recorded with very little error 
the value of B at any point in the region of interest. 
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In the cgs system, ~ 0 is equal to 1; hence, the gauss-
met.er reading for B in gauss was also numerically equal 
to H in oersteds. When the built.- in calibration feature 
was used, the accuracy of the gaussmeter was ± 2 percent 
of full scale up to 10,000 gauss. A 9.56 kilogauss refer-
ence magnet (accuracy ± 0.5 percent) was used to calibrate 
the gaussmeter. The calibration accuracy of the gaussmeter 
in this case was ± 1 percent of full scale, plus the 
accuracy of the reference magnet., making a total accuracy 
of ± 1.5 percent full scale on the 0 to 10,000 gauss scale. 
The Hall Probe was mounted on an optical bench so 
that it could be easily moved parallel to the pole faces 
and still remain aligned with the sample holder. 
4. Balance. The mass of the sample, as well as the 
displacement force exerted on t .he sample by the inhomo-
geneous magnetic field, was measured with a Cahn Gram 
Electrobalance modified for this experiment. The princi-
. ·11 d . F. 20 132 ple of the electrobalance 1s 1 ustrate 1n 1gure . 
81 122 Smolenskii and Yudin, and Hatfield and co-workers 
used an electrobalance for susceptibility measurements. 
The electrobalance is basically a taut.-band meter move-






Figure 20. Schematic of electrobalance. (After 
Bulletin 107B, Ref. 132.) 
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The current passing through the coil winding provides the 
restoring torque and is proportioned t .o t .he weight. at 
either loop A or loop B. The maximum tot.al load is 150 
milligrams for loop A, and 1.5 grams for loop B. The 
ribbon suspension, or taut-band suspension, provides for 
practically friction-free movement of the balance arms. 
The balance was modified by removing the weighing 
chamber from the measuring assembly and drilling a hole 
beneath loop A for the sample suspension. The weighing 
chamber was then mounted upon a base plate and connected 
to the measuring assembly t .hrough 6 wires. 
The performance of the balance depended st.rongly 
upon how much mass the balance arms supported. In general, 
the lighter the suspension plus the sample, the bet.ter the 
performance. 
The accuracy of the balance was defined to be the 
agreement. of t .he balance reading with the t .rue sample 
weight. Electrobalance accuracy was determined by the 
linearity of the weight reading potentiometer which was 
± 0.05 percent of the range in use. For the 3 lowest 
ranges this accuracy was better than the Class M weights 
f l .b . 132 used or ca L rat1on. Class M weights have a toler-
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ance of ± 5.4 micrograms. Most measurements were made on 
t .he 0 to 5 milligram range with a 10 milligram Class M 
weight used as a tare. The balance was calibrated with a 
5 milligram Class M weight. Samples from 10 to 15 milli-
grams could t .hen be measured. For samples slightly larger 
than 10 milligrams, the accuracy was determined by the 
tolerance of the tare weight plus the electrical accuracy 
yielding a total accuracy of± (5.4 + 2.5), or+ 7.9 
micrograms. For samples slight.ly less t .han 15 milligrams, 
an additional error was introduced by the calibration 
2 
weight tolerance, giving an effective accuracy of± (7.9 + 
5.42 ) 1/ 2 , or + 9 6 · - • m~crograms. The accuracy of these 
measurements is seen to be more closely related to the 
calibration weight than to the linearity of the instrument. 
The precision or sensitivity of the balance was 
determined by the deflection sensitivity of the beam. It 
was the ability of the balance to measure small differences 
in sample weight reliably, or to reproduce the same read-
ing for t .he same sample with very little deviation. Pre -
cision when t .aring was limited t .o 0.001 percent. of the 
total load, or for a load of 100 milligrams as in this 
experiment., 1.0 microgram. Precision was also limited by 
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dial readability for each range, and also by the resolution 
of the electrical component.s, which is ± 0. 01 percent of 
the range. For this experiment the dial readability on 
the 0 to 5 milligram range was ± 0.5 microgram, and the 
resolut.ion of the electrical components was ± 0. 5 micro-
gram. The effect.ive precision was approximately t .he 
1 f h h 1 . + 1 0 . 132 argest o t e t . ree 1sted limits, or - . m~crogram. 
After the initial warm up period, the electrobalance 
was also found to be very drift free. During periods of 
heavy usage the balance was left on overnight in order to 
minimize drift. 
The balance readings were recorded from the Weight 
Dial which read, to 4 places, a number from 0.0000 to 
1.0000. This number was multiplied by the range setting 
to give a value in milligrams. 
5. Suspension. The suspension was made from 0.001 
inch diameter tungsten wire with hooks fashioned from 
0.004 inch nichrome wire spot welded to each end. At the 
lower e n d, the suspension was terminated with a chai n 
mad e from a sect.ion of nichrome wire and 3 sections of 
0.005 inch diame t .er gold wire. In order to avoid possible 
e rrors, the nichrome wire was located outside the region 
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of high magnetic field and also outside the region of high 
temperature. The sample holder was fashioned from a 
stirrup made of 0.005 inch gold wire with a sample pan 
of .001 inch gold foil 6 millimeters square. The total 
mass of the suspension, plus an average sample mass of 
about. 12 milligrams, was approximately 100 milligrams. 
The weight of the suspension was counterbalanced at loop 
C, Figure 20, with metric weights and scrap metal since 
the tolerance was not critical. The use of gold at the 
lower portion of the suspension was to reduce oxidation 
in the region of the furnace. The length of the suspen-
sion was chosen so that at. full power the sample would be 
locat.ed in the magnetic field of great.est magnitude, sub-
ject to the restriction of linearity in HdH/dz. 
6. Base plate. The base plate was originally de-
signed for use with a bell jar in order to perform the 
measurements in a vacuum, t .hereby reducing t .hermal draft 
effects due t .o t .he oven. Thermal draft. problems were lat.er 
found to be minor, and none of the experiments were per-
formed under vacuum. However, a bell jar was used to 
cover the weighing assembly as addit.ional prot.ection from 













Thermocouple Vacuum Gauge 
Detail of the base plate. 
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will be briefly described, as it is still an integral part 
of the experiment.. It is made from an aluminum disk 1. 5 
inches t .hick and 10.5 inches in diameter. The base plate 
has t .he following fitt.ings: (1) a mounting bracket t .o 
support t .he weighing assembly, (2) a nine-pin elect.rical 
feed-through for the cont.rol wires to the weighing assembly, 
(3) a t .hermocouple vacuum gauge, (4) a vacuum pump inlet. , 
and (5) a copper sleeve below the weighing assembly for 
the draft tube connection. 
7. Draft. t .ube assembly. The draft t .ube has t .he 
funct.ion of prot,ecting the suspension and sample pan from 
air current.s. The draft t .ube was designed in t .wo sections 
so that it could be disassembled by means of an "0" ring 
ball-and-socket joint. This feature provided access to 
the sample pan by lowering t .he bottom section of the draft. 
t .ube from around the suspension. The upper section of the 
draft t .ube consist.ed of the "0" ring socket. and a section 
of pyrex tubing extending to the base plate. It. is coupled 
to the copper sleeve on the base plate by means of a 
vacuum-t.ight, Speedivac coupler. The lower portion of the 
draft. tube consist.ed of t .he "0" ring ball, a pyrex-to-
quart.z graded seal, and a section of quartz tubing which 
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fitted into the oven. The bottom of the quartz tubing was 
fit.ted with a rubber st.opper. A chromel-alumel t .hermo-
couple was inserted through the stopper with ceramic thermo-
couple t .ubing. The thermocouple was positioned as close as 
possible below the sample holder so as not t .o interfere 
with the movement of the stirrup and pan. The draft tube 
assembly is shown in Figure 22. 
8. Oven. The oven, also shown in Figure 22, was 
fashioned from grooved ceramic t .ubing wound with Kanthal 
resistance wire. Quart.z fiber insulation was used to re-
duce heat loss. The outer portion of the oven was wrapped 
with aluminum foil t .o reflect. heat. as well as t .o provide 
mechanical strength for the quartz insulation. At 400°C 
no det.ect.able temperat,ure gradient. was observed near the 
sample by moving the t .hermocouple through short distances. 
0 0 Temperat.ures of 700 t .o 800 C could be reached easily wit.h 
this oven. It was necessary to supply D-C power to the 
oven since A-C power would cause vibrations which could 
damage the oven while t .he magnetic field was on. A D-C 
power supply was designed for this purpose. The t .emper-
ature at. the sample holder was monit.ored with the chromel-
alumel t .hermocouple and a Leeds and Northrup pot.ent.iometer. 
Grooved Alumina, Note 1 
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0.004 in. Nichrome 
Wire 
;w.---- 0. 005 in. Gold Wire 
0.005 in. Gold 
Wire Ball 
i,;A---- 0 . 0 01 in. Thick Gold 
Pan, 1/4 in. Square 
15 mm Quartz Tubing 
Note 1: 3/4 in. Bore x 
6 in. Long, 5 Grooves Per 
Inch. 
Figure 22. Detail of the oven and suspension assembly. 
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The 0 to 111 millivolt. range was used, which has a toler-
ance of ± 0.05 percent of reading plus 20 microvolts. At 
400°C this error would amount. to approximately ± 28 micro-
volts, corresponding to slightly more than ± 0.5°C. 
C. Magnetic Suscept,ibilit.y Measurement.s 
The measured volume susceptibility for a sample with 
spontaneous magnet.ic moment is given by equation (54). 
For the mat.erials of this st.udy, I( may be neglected with 
0 
respect to K with little error. For a discussion of the 
effect of the displaced oxygen of the atmosphere, see 
Sect.ion 4 of t .his chapter. There it is shown that the 
effect can be neglected. Thus, the force equation in 
terms of t .he measured volume susceptibilit.y, KB' is 
F 
z 
The measured mass susceptibility, X.', is given by 
(69 ) 
KB X' = - (70) p 




= mX'Hdz • 
This equation is more useful for making susceptibility 
measurements since it does not involve measuring the 
( 71) 
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volume of the sample. Thus, the susceptibilit.y of a body 
of mass m in a magnetic field of known gradient. is deter-
mined by measuring the resulting force on the body. 
1. Susceptibility standard. The most convenient 
procedure for det.ermining magnetic susceptibilit.y when 
the Faraday rnet.hod is used is to employ a suscept.ibility 
st.andard. dH Rather t.han det.ermining the Hdz product. from 
plots similar to those of Appendix B, it can be determined 
indirectly at the sample holder by using a standard sample 






m X H-d ' s s z 
F is the force on the standard. 
zs 
m is t .he mass of t .he st.andard. 
s 
Xs is the susceptibility of the standard. 
The expression for H~: is 
HdH 
dz 




are all measurable quantities, and~ 
s 
known. For the unknown sample, equation (71) becomes 
(72) 









Therefore, the measured gram suscept.ibi lity, X' , of the 






Xs . (75) 
The quantities m, F , andX are constant for a given 
s s s 
experiment. Thus t .he determination of the susceptibility 
of a sample is the force t .o mass ratio t .imes a constant. 
The susceptibility standard chosen for this work was 
mercury tetrathiocyanatocobaltate, HgCo(CNS) 4 • Hatfield 
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et al. used HgCo(CNS) 4 as a susceptibility standard, 
and Smolenskii and Yudin81 mentioned the use of Mohr's 
133 
salt and also HgCo(CNS) 4 as a standard. Figgis and 
Nyholrn134 , 135 gave the details on the preparation of HgCo 
(CNS) 4 . This compound is advantageous in that it is 
easily prepared in a highly pure form, it is in the form 
of very small crystals, and it has been found t .o be very 
stable over long periods of time. At 20°C the suscepti-
bility of HgCo(CNS) 4 is 16.44 (± 0.08) x l0-
6
cm
3/g. 1 34 
The expression forX(T) is 
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XCT) = 4984 X 10-6 T + 10 
The use of the susceptibility standard is discussed in 
the last part of the section on calibration procedures, 
and t .he result.s are shown in Table VIII. 
2. Calibration procedure. The calibration proce-
dure was performed at. room temperat.ure; hence, the oven 
(76) 
and thermocouple were not used. The procedures necessary 
for the calibration of the apparatus consist of the follow-
ing: (1) calibration o f t .he field at t .he sample holder; 
(2) det.erminat.ion of t .he sample holder corrections; and 
(3) calibration of the HdH/dz product using the suscepti-
bility standard. 
The working equations used to determine the suscepti-
bility data are discussed first. The force from the effect 
of the field on the sample and the sample holder were de-
t .ermined from the difference between the weight. dial read-
ings with the field on and with it off. This value was 
called the corrected dial reading: 
(
Correc t .ed Dial) = (Dial Reading) _ {Dial Reading\ • ( 7 7 ) 
Reading at Field H \ at H=O } 
The true dial reading was obtained from this expression 
by subtracting the sample holder correction for each value 
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of the field, H: 
(True Dial) Reading 
= (corrected Dial' 
\ Reading } _ (Sample H?lder) Correct1ons . 
The force in milligram weight acting on the sampl e was 
given by the true dial reading times the electrobalance 
range - in this case, 5 milligrams: 
( 78) 
F(mg wt) = (True Dial Reading) ( 5mg) ( 79 ) 
To obtain the force in dynes, the above equation wa s 
multiplied by the acceleration of gravity, g : 
0 
F(dynes) = g F(mg wt) 
0 ( 80) 
It was not necessary to actually compute the force acting 
upon the sample, for if relationship (75) was used, some 
of the terms in equation (79) and ( 80) factor out. I f the 
electrobalance range was the same for both the susce pti-
bility standard and the sample, the working equation whi c h 
takes the place of equation ( 75) is 
m x (True Dial Reading of Sampl e ) 
s 
X' = Xs x m x (True Dial Reading of Standard). ( 8 l) 
In an actual measurement of the susceptibility of a s a mpl e 
of known mass, m, the measured susceptibility wa s de t e r-
mined by multiplying the t .rue dial reading of the s a mpl e 
by a constant, since the other terms of equation ( 81) 
were determined previously by the calibration procedure. 
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The first part of the calibration procedure was to 
calibrate the field at. t .he sample pan and reference it. t .o 
a monitoring posit.ion far enough away t .hat the sensing 
element of the Hall probe was not affected by the radiant 
heat from the oven. The monitoring position was approxi-
rnat.ely 5 ern from the cent.er line of t .he suspension on t .he 
same level wit.h t .he sample pan and cent.ered between t .he 
pole faces. The exact position of the Hall probe was 
determined as follows: With the field at. the sample 
holder equal to 8000 gauss, the Hall probe was moved 
along the optical bench until a reading of 7900 gauss was 
observed on the gaussrneter scale. The gaussrneter readings 
were proport.ional t .o t .he field at. the sample pan, as shown 
by Table VI. The gaussrneter can be read to only 3 signifi-
cant figures, but the fourth significant figure was added 
to show proportionalit.y. Thus, the field at. the sample 
holder was determined by observing the field at the 
monitoring point. 
The second part of the calibration procedure was to 
det.errnine the sample holder correction of equation ( 78). 
Because the sample holder was gold, the force exerted by 
the field is direct.ed upward since gold is diamagnetic. 
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TABLE VI 
CALIBRATION OF MAGNETIC FIELD 
AT THE SAMPLE HOLDER 
Gaussrneter Reading Gaussmeter Rea ding 











Thus, the result of the sample holder correction was a 
value added to the corrected dial readings to give the 
true dial reading in equation (78). The sample holder 
correction was determined by placing a small ballast 
weight on the balance arm at. loop A, and t .aking the 
difference between the weight dial readings, on the 5 
milligram range, with the field on and with the field 
off. Since equation (78) is in terms of the weight dial 
readings on the 5 milligram range, it was not. necessary 
to determine the correction in dynes. 
There were two types of measurement. procedures used, 
depending upon whether a spontaneous magnet.ic moment. was 
present in a sample. These procedures, called Method I 
and Method II, are described in the next section. Dif-
ferent sample holder corrections were used for the two 
met.hods. Met.hod I was used for samples of low BiFe0 3 
content with no spontaneous moment. The field was held 
constant. at 8000 gauss during the measurement. The sample 
holder correction of equation (78) which applied to this 
procedure was a t .emperature dependent. empirical relat.ion-
ship give n by 
-5 
-0.0046 - 0.54 X 10 T ' ( 82) 
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where 
T is the temperat.ure in °C. 
At t t f 400° 500° empera ures o t .o C, the temperature dependen 
part of this correction amounted to about 5 percent and 
the tot.al sample holder correction about 14 percent for 
samples cont.aining 10 percent BiFeo 3 . For 50 percent 
BiFe03 content, these corrections were 3 percent and 10 
percent respectively. Method II was used for samples 
possessing a spontaneous magnetic moment and containing 
SO percent or greater BiFe03 content. Field values corre-
sponding to those of Table VI were used. For ease in 
programming the IBM computer, the temperature dependent 
part. of the sample holder correction was neglect.ed. This 
constituted an error in the determination of the suscepti-
' bility above t .he Neel temperature of less than 2.5 percent. 
This error had little effect upon the results, since the 
parameters derived from the paramagnetic region above the 
' Neel temperature for samples containing 60 percent or 
greater BiFeo
3 
content were unreliable because of short 
range ordering effects. The room temperature sampl e 
holder correct.ions used in Method II are shown in Table 
VII. 
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The third part of the calibration procedure was to 
determine the HdH/dz product at the different field values 
of Table VI, using t .he susceptibilit.y st.andard, HgCo (CNS) 4 . 
In actual measurements it was not necessary to actually 
determine the HdH/dz product. From equation (81) it is 
seen that the necessary information is included in the 
factors X. , m , and t .he t .rue dial reading of t .he standard. 
s s 
Thus, in effect, specifying the values forX , m , and the 
s s 
true dial readings of the standard, determined the product 
HdH/dz. 
The balance was positioned so that the vertical axis 
of the suspension was centered between the pole faces. 
Access was gained to the sample st.irrup and pan by disas-
sembling the draft tube at the "0" ring ball-and-socket 
joint. Zeroing of the balance was performed on the 0 to 
5 milligram range with a 10 milligram class M weight on 
the sample pan as a t .are. The balance was t .hen calibrated 
by placing a 5 milligram class M weight on the sample pan 
with the tare weight. After removing the 5 and 10 milli-
gram weights, the balance could t .hen measure t .he mass of 
the standard within the range of 10 to 15 milligrams with 
the improved precision and accuracy of the 5 milligram 
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electrical range. 
The st.andard was placed upon the sample pan, using a 
stainless steel spatula with the balance set to read zero. 
The beam rested against the upper beam stop until a mass 
of great.er than 10 milligrams forced the beam against the 
lower stop. The balance measured the standard mass by 
adding the tare weight to the balance reading determined 
from the weight dial on the 0-5 milligram range. It was 
import.ant not. to place too much of the standard on the pan; 
for if the mass were nearly 15 milligrams, the increased 
force from the effect of the magnetic field could extend 
the total force past the range of the balance. With the 
proper amount. of standard on the pan, the draft tube was 
reassembled and the mass determined. The mass of the 
standard, m , used for this part of the calibration pro-
s 
cedure was 11.1135 milligrams. 
The weight dial readings were recorded for the different 
field values of Table VI. The true dial readings were then 
obtained with the use of the sample holder corrections of 
Table VII and equations (77) and (78) . The calibration 
data in terms of weight dial readings are given in Table 
VIII. Although it was not used as such, the product HdH/dz 
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TABLE VII 
CORRECTIONS FOR SAMPLE HOLDERa 
















8000 - .0047 
a Used for Method II. 
bThe dial readings are on the 0-5 milligram range. 
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was included in Table VIII. The HdH/dz product was deter -
mined from equat.ion ( 72) where the following values were 
used: m was 11.1135 mg; F was determined from equation s s 
(80), using the true dial readings for each field value; 
-6 3 Xs was computed t .o be 16.22 x 10 em /g from equation 
(76) t t t Of 24oe. a . a .empera .ure Thus, with these values 
form , X , and the true dial readings of Table VIII, the s s 
susceptibility of a sample could be determined using 
equat.ion (81). 
3. Sample measurements. The procedures necessary 
for the determination of the susceptibility and spontaneous 
magnet.ic moment of the samples are described in t .his section. 
The suscept.ibility of a sample of mass, m, above room 
temperat.ure was determined from a relationship similar to 
equation (81): 
f 1 Toe) m x (True Dial Reading o Samp e at 
A' (T) = Xs x msx (True Dial Reading of Standard) · ( S 3 ) 
Where t .he values for X. , m , and t .rue dial reading of 
s s 
standard were the same values mentioned in the calibration 
procedure. The t .rue dial reading of the sample at T 0 e is 
self-explanatory. 
For suscept.ibilit.y measurements above room temperature, 
t .he powdered samples were placed upon the sample pan, using 
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TABLE VIII 
FIELD CALIBRATION DATA 
Susceptibility Standard: HgCO(CNS) 4 
Field Dial Corrected Dial True Dial dHb 
(Oersted) Readings a Readings a Readings a H-dz 
0 .2227 0 0 0.000 X 10 6 
1000 .2264 .0037 .0037 0.101 
2000 .2392 .0165 .0166 0.451 
3000 .2603 .0376 .0379 1.030 
4000 .2904 .0677 .0684 1.859 
5000 .3280 .1053 .1067 2.900 
6000 .3761 .1534 .1556 4.230 
7000 .4318 .2091 .2125 5.776 
8000 .5023 .2796 .284 3 7.728 
aThe dial readings are on the 0-5 millig~am range, 
form = 11.1135 mg. and = 16.22 x 10- 6 em /g. 
s s 
b dH The product. H dz was de t .ermi.ned from equation ( 7 2) . 
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the same procedure described previously with the suscepti-
bility standard. The exception being that the oven and 
thermocouple were placed in position as shown in Figure 22. 
The mass of the sample was t .hen recorded. If the samples 
were presumed t .o possess a spont.aneous magnet.ic moment, 
they were heated t .o approximat.ely 400°C and allowed to 
cool t .o nearly room temperature with t .he field on before 
any measurements were taken. Since 400°C was above the 
I 
Neel t .emperat.ure of t .he materials of this study, this 
procedure corresponded t .o the thermomagnetic t .reat.ment 
mentioned by Wat.anabe. 39 The high t .emperature also served 
to drive off any excess moist.ure which the sample might 
have collect.ed. 
Aft.er the sample had cooled to room t .emperature from 
the thermomagnetic treatment., the sample mass was again 
recorded. If it differed by more than a few micrograms 
from the mass recorded before t .he thermomagnet i.e treatment, 
the run was started over again with a new sample. 
There were two distinct ways to measure t .he sample 
susceptibility; these two procedures were called Method 
I and Method II. When a spont.aneous magnetic moment was 
present, a somewhat more complicated procedure, Met.hod II, 
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was necessary t .o obtain the sample susceptibilit.y. 
Method I, for the case of no spontaneous magnetic moment, 
is discussed first. 
If t .he spontaneous magnetic moment of the sample was 
determined to be zero, the measured susceptibility was the 
same as the actual suscept.ibi.lit.y of the subst.ance, and 
Method I was used. In t .his case, D-C power was increased 
stepwise t .o t .he oven so t .hat the average "temperature in-
crease" rate was approximat.ely 3° C/minut.e. At tempera-
t .ure intervals of approximat.ely 20° to 30°C, weight dial 
readings were taken for an applied £ield of 8000 oersted 
and for zero field. The corrected dial readings and the 
true dial readings were found, using equations (77) and 
(78) respectively. The sample holder corrections were 
given by equation (82), and the susceptibility was deter-
mined, using equation (83). The true dial reading of the 
standard was determined from Table VIII for a field of 
8000 oerst.ed. 
When a spontaneous magnetic moment was present in a 
sample, it was necessary to employ Method II. In this 
case, the measured susceptibility was given by equation 
( 67), and t .he measured magnet.ic moment was given by 
117 
equation (68). Thus, a plot of m' versus H at constant 
temperature was necessary t .o obtain the correct values for 
the suscept ibilit.y, X-, and the spontaneous magnet.ic moment, 
m
0
• Figure 2 3 depicts the measured magnet.ic moment iso-
therms as a function of the applied field at several tempera 
tures for a sample of 90 percent BiFeo 3 ·1o percent PbTi0 3 . 
The data for t .he measured magnetic moment isotherms 
were obtained, at constant temperature, by recording the 
weight dial readings for the different values of the applied 
field in Table VI. The temperature was allowed to stabilize 
by adjusting the power t .o t .he oven. Temperature variations 
during the recording of the data were monitored by recording 
the temperat.ure at. t .he st.art. and at. the finish of a series. 
Variations in t .emperature were usually less than ± 0.5°C. 
In order to reduce this data, a program was written 
for the IBM 360 Computer located in the Computer Center at 
the University of Missouri at Rolla. Using the data of 
Tables VII and VIII, the program reduced the raw data in 
the form of weight dial readings and made a least squares 
fit of the measured magnetic moment, m', versus field H. 











































Note: The values at H=lOOO gauss were 
not used in the least squares fit. 
2000 4000 
Magnetic Field, H (Gauss) 
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Figure 23. The magnetic isotherms of the 90% BiFeO •· 3 
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effect. of the oxygen in the surrounding air must. be con-
sidered. There were two considerations involved: (1) 
the oxygen displaced by the sample holder; and (2) the 
oxygen displaced by t .he sample. The oxygen displaced by 
t .he sample holder was compensated at room temperat.ure by 
t .he sample holder correct.ion, but the amount of displaced 
oxygen was temperat.ure dependent. since the density of air 
decreased with increasing temperat.ure. For samples of 
-6 3 
suscept.ibility 5 x 10 em / g or greater, the total amount 
of displaced oxygen corresponded to a force of less than 
0. 2 percent. of t .he tot.al force on the sample. For samples 
containing only 10 percent BiFe03 , the total displaced 
oxygen resulted in a force amounting to less than .5 
percent of the total. Thus, because of it.s small size, 
this effect was neglect.ed. 
Because of t .he small magnitude of t .he suscept.ibility 
and the spontaneous magnetic moment, it was not necessary 
to consider the demagnet.izati.on factor. Demagnetization 
factors are i.mport.ant only for paramagnet.ics at low tempera-
b h C . 117 tures or ferromagnet.s just. a ove t e ur1.e temperatur e . 
The suspension was surrounded by a vertical column 
of air inside the draft t .ube, and at high temperatures some 
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minor draft. effects were present. For samples of suscep-
-6 3 tibility greater than 5 x 10 ern /g, this effect was less 
t .han 1. 5 percent of the t .otal reading; but it amounted to 
nearly 2.5 percent for some of the samples of lower suscep· 
tibility. Since the same draft. effects occurred with the 
field on, t .his effect. was compensated by equation ( 77). 
The errors involved in actually measuring the forces 
wit.h the elect.robalance were small because of t .he high 
precision of the balance. An analysis of equation (75 ) 
indicated a maximum error of 1.5 percent of the measured 
suscept.ibility when t .he uncert.aint.y of the standard was 
included. For samples of susceptibility greater than 
5 x l0- 6cm3/g, the error involved was less than 1 percent. 
An additional error was involved in the determination 
of the field. The actual value of the field was not as 
important as the ability to repeatedly obtain the same 
reading on the gaussmeter for the same magnitude field. 
This was mainly limited by the meter readability, which 
was approximately 1 percent. Because H appears twice in 
the force relationship, equation ( 71), the above error 
resulted in a 2 percent error in the uncertainty in the 
measured susceptibility. This 2 percent error was present 
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in both the calibration procedure involving the suscepti-
bility standard as well as the measurements performed on 
the samples. Thus, the t .otal uncertaint.y in the measured 
susceptibility due to the inaccuracy of field determination 
amount.ed to a maximum of 4 percent .. 
The advantage of the Faraday method was that the 
sample posit.ion was not critical for materials which had 
no spont.aneous magnet.ic moment. For samples with spon-
taneous magnet.ic moments, however, t .he sample posit.ion 
was important. It was necessary to determine the field 
accurately at. t .he sample so t .he measured magnetic moment 
could be determined by equation (65) using the IBM com-
puter program. Thus, the error in determining the measured 
magnetic moment was the same as determining the field at 
t .he sample. Besides the error mentioned previously in 
the gaussmeter readings, there were additional errors due 
to changes in the sample position. The changes in the 
sample posit.ion were due t .o t .he following: (1) stret.ch-
ing of the suspension due t .o samples of different weights; 
(2) stretching of the suspension due to the additional 
forc e exerted on the sample by t .he field; and (3) t .hermal 
expansion of the suspension inside the oven. Since t .he 
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electrobalance is a nulling instrument, the st.retching of 
the suspension was confined to that part between the 
balance arm and the sample holder. The error in sample 
position due to these three factors was determined to be 
less than ± 1 rnm. Using t .he field gradient obtained from 
the data of Table VIII, the corresponding uncertainty in 
the field was found to be ± 1.2 percent. 
In conclusion, the measurements performed upon the 
samples wit.h no spontaneous magnetic moment. were the most. 
accurate wi t .h a maximum error of approximat.ely 5 percent. 
The effective error, or the average deviation, amounted 
to 3 percent. At constant field values, the precision 
wit.h which small changes in susceptibilit.y could be det.ect.ed 
was high; however, since a regulated power supply was not 
used, this precision was not applicable. 
The measurements performed upon the samples wit.h 
spontaneous magnetic moments involved great.er errors be-
cause of the effect of the s u s pension elongation and the 
neglect. of the temperature dependent part of the sample 
holder corrections. These two factors t .end to compensate 
each other, because, wit.h increasing temperat.ure, t .he 
thermal expansion of t .he suspension results in an error 
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of opposit.e sign to t .hat. due to t .he neglect of t ,he tempera-
ture dependent. part of t .he sample holder correction. An 
addi t .ional error resulted when the t .emperat.ure was not 
completely stabilized while the data were t .aken. The 
temperat.ure was recorded at the start and at. the end of 
the run, and if t .he temperature varied by more t .han l °C, 
the run was repeated. Thus, t .he maximum error was from 8 
to 9 percent of the measured magnetic moment and an effec-
tive error of less than 5 percent.. The effect.ive error 
was reflected in the values of m and X determined by the 
0 
comput.er program. Since the values m and X represent in 
0 
part a statistical average, the error involved in their 
det.ermination should be somewhat. less t .han the maximum 
error possible. 
5. Ligand corrections. The measured susceptibility 
of a compound includes an underlying diamagnetic suscepti-
bility due to the ion cores. Thus, the measured suscepti-
bilities of this study were t .oo low by an amount corre-
sponding t .o t .he diamagnet ism of the ion cores. The correc-
t .ions for t .his diamagnetic effect. are known as ligand 
corrections. Table IX lists the ionic susceptibilities 
which are applicable t .o the compounds of this st.udy. 
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TABLE IX 
DIAMAGNETIC SUSCEPTIBILITY OF THE ATOM CORESa 
Second Component 
Percent 
BiFe03 PbTi03 PbZr0 3 (PbZr0 3 )_ 5 (PbTi03 ). 5 
0 -.218 3 -.205 3 -.211 3 ern ern ern 
g g g 
10 -.211 -.199 -.205 
20 -.204 -.194 -.1 98 
30 -.197 -.188 -.1 92 
40 -.190 -.182 -.186 
50 -.183 -.176 -.180 
60 -.176 -.171 -.17 3 
70 -.169 -.165 -.1 67 
80 -.162 -.15 9 -.1 61 
90 -.155 -.154 -.154 
100 -.148 -.148 -.148 
aTo correct for t .he diamagnetic suscept.ibility of 
the atom cores, these values are subtracted from the ex-
perimental susceptibility of the sample. 
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Data for t .his table were obt.ained from Selwood. 4 The 
ligand corrections were not used for the susceptibility 
curves presented in the next chapter, however, they were 
used to obtain t .he values B, CM, and }.I.e££ of Tables X, 
XI, XII, and XIII. The ligand corrections for the systems 
of this st.udy were larger t .han t .he usual 1 percent.. The 
correction for pure BiFe0 3 is approximately 2 percent and 
ranges up to 10 percent. for compounds containing 10 per-
cent BiFeo 3 at. hi.gh t .emperature. For samples containing 





The results of this study are presented in Tables X-
XIII and Figures 24 - 59, which were organized according 
to the different systems studied. The graphs consisted 
of the measured values ofX(T), 1/~(T), and m as a functi on 
0 
of temperature. These curves were uncorrect.ed for t .he dia-
magnetism of the ion cores. As stated previously, some 
of the data in the tables were found by applying the ligand 
corrections. The values fore, CM, and ~eff were obtained 
from data which had been corrected for the diamagnet.ism of 
the atom cores. These corrections were presented in Table 
IX. 
The Curie-Weiss law, equation (19 ), applies to the 
compounds of t .his study as the 1/X..(T) curves were found to 
have a negative int.ercept on the absolute temperature scale. 
The mass suscept.i bi 1 ity, X. (T) , is rewritten here as: 
XCT) ( 84) 
where C is the Curie constant, and -e is the intercept of 
the 1/X.(T) curve along the absolute t .emperature scale. 
The molar susceptibility, XM (T) , is obtained from this 
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expression by multiplying by the molecular weight of t .he 
subs t .ance: 
(85) 
where CM is the molar Curie constant. 
The Curie constant was obtained from the inverse of 
the slope of the corrected Curie-Weiss curve. The results 
are tabulated in Tables X - XII as experimental values of 
CM for the different systems. The theoretical values of 
CM were obtained from the expression 
h 4N'S(S+l)LL
2 
C t eory = • J:3 
M 3k ( 8 6) 
where S is the assumed spin of t .he iron ions or 5/2, and 
N' is the number of iron ions per mole. 
Tabulated in Tables X - XII are the values for 9 and 
the effective number of Bohr magnetons, fleff' for the dif-
ferent systems. 9 was obtained from the corrected Curie-
Weiss curves and u was obtained from the experimental 
reff 
value of CM, where: 
(87) 
The theoretical value for the effect.ive number of Bohr 
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magnetons was obtained from 
1 
~ 1 theory [ 2 ( l)]2 r- = g J J+ . 
For a spin only value of 5/2 for Fe 3+, ~theory is equal 
to 5.92. 
(88) 
Experimental values fore, eM and ~eff were not ob-
tained for high concentrations of BiFe0 3 for three reasons: 
' First. , the dat.a points above t .he Neel temperature were 
scattered; second, because of t .he small slope involved in 
the 1/X(T) curve, large errors would be involved; third, 
because of short range ordering, reliable data for an 
accurate determination of 1/X(T) can only be obtained for 
' temperatures far above t .he Neel temperat.ure. In general, 
' the 1/X.(T) curve resul t .s in t .oo low a slope near the Neel 
temperature; and, therefore, t .oo high a value of eM is 
obtained. 136,137 Because of the tendency of weak ferro-
magnets to display a sharp peak in theX(T) curve at TN, 
the above effect would be intensified. 
The values for TN were obtained from the peaks of 
' the,X_(T) curves. The Neel temperatures of the different 
' 
composi ti.ons are t .abulat.ed in Tables X - XII. Neel tempera-
ture s for samples with low concentrations of BiFe0 3 were 
1 30 
below room temperat.ure and could not be determined. 
The values for the spont.aneous magnetic moments at 
room temperat.ure are tabulat.ed in electromagnetic unit.s as 
well as in Bohr magnetons per unit cell. These values were 
determined directly from the curves which represent the 
results of the computer program of Method II. 
The magnetic data for the BiFe0 3 -PbTi03 system, 
sisting of the values fore, CM, JJ.eff' TN, and m0 at 
temperature, are presented in Table X. The curves of 
con-
room 
X(T), 1/~(T), and m versus temperature are presented in 
0 
Figures 24-36. 
Samples cont.aining less than 50 percent BiFe03 were 
invest.igat.ed using Method I without the thermomagnetic 
treatment. Met.hod II, with the thermomagnetic treatment, 





MAGNETIC DATA FOR THE BiFe0 3-PbTi03 SYSTEM 
Percent b c c 1leffd 
m 
o (room temp) a T e Sample e M N 3 Bohr 
BiFe03 exp theory 
G £!!!..._ Magnetons g Per 
OK Bohr OK Unit Cell 
Magnetons 
10 S-3/16/66-I 83 .445 .438 5.97 
20 S-3/11/66-I 116 .785 .876 5.60 
30 S-3/11/66-I 191 1.145 1.314 5.53 
40 S-3/11/66-I 402 1.650 1.752 5.75 
so S-4/18/66-II 404 1.825 2.19 5.40 .001 4 -- 0.55 X 10 
60 A-1/9/65 -II 581 2.360 2.63 5.61 
-- .001 0.55 
70 A-3/19/65-II 863 3.11 3.07 5.97 
--
.003 1.66 
72 A-3/22/65-II -- -- 3.16 -- 323±30 .006 3.3 
74 A-3/24/65-II -- -- 3.24 -- 393±30 .006 3.3 
76 A-3/25/65-II -- -- 3.33 -- 433±20 .005 2.8 
80 S-7/7/66 -II 967 3.22 3.51 5.67 433±20 .026 14.5 
90 A-1/30/65-II -- -- 3.94 -- 543±15 .040 22.4 
95 L-10/6/66-II -- -- 4.16 -- 573±10 .038 21.3 
aThe samples are denoted by the preparer, date prepared, and the measuring method 
1-' 
employed, with the following notation: A=Achenbach, Ch=Chou, Cl=Clarida, L=Lamar, \.>J 
1-' 
S=Shih, I=Method I, and II=Method II. 
TABLE X (continued) 
be was determined from the 1/X(T) curve which was corrected for the diamagnetism 
of the ion cores. 
cThe experimental eM was computed from the slope of the 1/X.(T) curve which was 
corrected for the diamagnetism of the ion cores. The theoretical CM was computed 
from CM=4N'S (S + a)~2/3k, where N' is the number of iron ions per mole, and S is 
5/2. d 
,U.eff' in Bohr magnetons, was computed from the experimental value of eM. The 
theoretical value is 5.92 for S=S/2. 
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Figure 25. Temperature Dependence of x and 1/x for 20% BiFe0 3 ·80% PbTi0 3 • 
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Figure 27. Temperature dependence of x and 1~ for 40% BiFe0 3 ,60% PbTi0 3 • 
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Figure 30. Temperature dependence of x , 1/x , and m0 for 70% BiFe0 3 ·30% PbTi0 3 • 
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Figure 36. Temperature dependence of x and m for 95% BiFe0 3 ·5% PbTi0 3 • 0 
146 
The magnetic data for the BiFeo3-PbZro 3 system, con-
sisting of the values for 9, C , ~ ff' T , and m at room M e N o 
temperature, are presented in Table XI. The curves of 
X..(T), 1/X..(T), and m versus temperature are presented in 
0 
Figures 37-50. 
With the exception of the sample cont.aining 50 percent 
BiFe0 3 , t .he samples cont.aining less than 80 percent BiFeo3 
were investigated using Method I without. the thermomagnetic 
treatment. Two different. samples containing 80 percent. 
BiFe0 3 were studied. The sample shown in Figure 46 was 
investigat.ed using Method I without the thermomagnetic 
treatment. Figure 47 shows the other 80 percent BiFe0 3 
sample which was studied using Method II with t .he thermo-
magnetic treatment. All other samples containing more than 
80 percent BiFe03 and t .he sample containing 50 percent 
BiFeo 3 were investigated using Method II with the thermo-
magnetic t .reat.ment. 
Figures 43-45 show an anomaly in the :X. CT) curve which 
occurred at. 550°C and cont.inued until 670°C. This anomaly 
was not reversible and was believed to be caused by a 
reaction with the gold sample holder. The t .ransition at. 
147 
670°C corresponded to a similar transition in a-Fe2 o3 at 
39 that temperat.ure. Thus, this anomaly may have been due 
to a catalyt.ic reaction with the sample holder at 550°C 
which left CI-Fe2o3 as a residue. It was noted that the 
sample holder was contaminat.ed by a magnetic subst.ance 
after the anomaly was observed. Subsequent studies were 
t .hen limit.ed to t .emperatures below 500°C in order to pre-
vent this reaction. 
TABLE XI 
MAGNETIC DATA FOR THE BiFe03-PbZr0 3 SYSTEM 
Percent a eb c c J..leffd T e 
BiFe03 
Sample M N 
exp theory 
OK Bohr OK 
Magnetons 
10 S-2/16/66-I 130 .443 .438 5.96 
20 S-2/23/66-I 227 0 92 7 .876 6.09 
33.33 Ch-11/6/64-I 504 1.597 1.460 6.20 
40 Ch-4/11/65-I 605 1.875 1.752 6.12 
50 A-4/19/66-II 982 2.58 2.19 6.43 
60.1 Ch-10/24/64-I 1242 2.90 2.63 6.22 323±30 
65 Ch-2/18/65-I -- -- 2.75 -- 453±30 
70 Ch-1/18/ 65-I -- -- 3.0 7 -- 573±30 
75 Ch-12/29/64-I -- -- 3.28 -- 578±30 
80 Ch-2/2/65-I -- -- 3.50 -- 573±15 
80g A- II -- -- 3.50 -- 513±20 
85 Ch-2/1/65-II -- -- 3.72 -- 593±10 
88.9 Ch-11/16/64-II -- -- 3.89 -- 593±10 
95 Ch-2/5/65-II -- -- 4.16 -- 613±10 
m (room temp) 
0 














TABLE XI (continued) 
aThe samples are denoted by the preparer, date prepared, and the measuring method 
employed, with the following notation: A=Achenbach, eh=ehou, el=elarida, L=Lamar, 
S=Shih, I=Method I, and II= Method II. 
b 9 was determined from the 1/X.(T) curve which was corrected for the diamagnetism 
of the ion cores. 
cThe experimental CM was computed from the slope of the 1/X(T) curve which was 
corrected for the diamagnetism of the ion cores. The theoretical eM was computed 
from CM=4N'S ( S+l)~2/3k, where N' is the number of iron ions per moTe, and S is 5/2. 
d~eff' in Bohr magnetons, was computed from the experimental value of eM. The 
theoretical value is 5.92 for S=S/2. 
eTN was determined from the peak of the ~ ( T) curve. 
£These values were obtained from curves not included in this work. 
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Figure 37. Temperature dependence of x and 1/x for 10% BiFe0 3 ·90% PbZro 3 • 
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Figure 38. Temperature dependence of x and 1/x for 20% BiFe0 3 ·80% PbZr0 3 
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Figure 39. Temperature dependence of x and 1/x for 33.3% BiFe0 3·66.7% PbZr0 3. 
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Figure 40. Temperature dependence of x and 1/x for 40% BiFe0 3 ·60% PbZr0 3 • 
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Figure 42. Temperature dependence of x and 1/x for 60.1% BiFe03•39.9% PbZr0 3. 
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Figure 44. Temperature dependence of x for 70% BiFe0 3 ·30% PbZr0 3 • 
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Figure 49. Temperature dependence of x and m for 88.9% BiFe0 3 ,ll.l% PbZr0 3 • 0 
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system, consisting of the values forB C u T and 
' M' 'eff' N' 
m0 at room temperat.ure, are presented in Table XII. The 
curves of J., (T), 1/X.(T), and 
presented in Figures 51-58. 
m 
0 
versus temperature are 
With the except.ion of the sample containing 60 per-
cent BiFe0 3 , all the samples of this series were given the 
thermomagnetic t .reat.ment. before magnetic measurements were 
performed. For samples containing 50 percent BiFeo3 or 
less, t .he suscept.ibility and spontaneous magnetic moment 
were det.ermined at room temperature, using Method II. The 
dat.a for the high t .emperat.ure portion of the X, ( T) curves 
were then determined, using Method I. Thus, two points 
for t .he room temperature susceptibility appear for these 
samples. The value determined by Method II was weighted 
heavier than that of Method I when the curves were plotted. 
This was apparent in Figure 54 where a fairly large spon-
taneous magnetic moment was believed to cause considerable 
error in low t .emperature values of:X(T). Two separate 
det.errninations were made of the properties of the sample 
containing 60 percent BiFe0 3 . The first was using Method 
165 
I I with t .he t .hermomagnetic treat.ment. Figure 55 shows the 
results of the determination of m from this run. The 
0 
second run consisted of using Method I without the thermo-
magnetic treatment. Figure 55 shows the results of the 
determination of X(T) and 1/X(T) from the second run. 
The values ofX(T) were in agreement for the two runs. 
Samples containing more than 60 percent BiFe0 3 were in-
vestigated, using Method II wit.h the thermomagnet.ic treat-
ment .. 
The values for 8 , CM' and ~eff for the sample contain-
ing 70 percent BiFe03 were obtained from a separate deter-
minat.ion of X., (T) using Method I in the t .emperature range 
of 300° to 500°C. The ~(T) curve for this determination 
were not included because of the narrow temperature range. 
The results agreed favorably with the theoretical values, 












MAGNETIC DATA FOR THE BiFe03-[SOPbZr03 ·50PbTi03] SYSTEM 





































































aThe samples are denoted by the preparer, date prepared, and the measuring method 
employed, with the following notation: A=Achenbach, Ch=Chou, Cl=Clarida, L=Lamar, 
S=Shih, I=Method I,and II=Method II. 
be was determined from the 1/;t(T) curve which was corrected for the diamagnetism 
of the ion cores. t--..J 
0\ 
0\ 
TABLE XII (continued) 
cThe experimental eM was computed from the slope of the 1/~ ( T) curve which was 
corrected for the diamagnetism of the ion cores. The theoretical eM was computed 
from CM=4N'S ( S+l)~B2 / 3k, where N' is the number of iron ions per mole, and S is 5/2. 
d~eff' in Bohr magnetons, was computed from the experimental value of CM. The 
theoretical value is 5. 92 for S=S/2. 
eTN was de t e rmined from the peak of the~ ( T) curve. 
fNo da t e wa s g iven for the prepa rations of these sampl e s. 
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Figure 58. Temperature dependence of x and m0 for 90% BiFe0 3·10%[50PbZr0 3·50PbTio 3]. 
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E. Pure BiFeo3 
The magnetic data for three different samples of BiFeo3 
are presented in Table XIII. The values fore, eM, IL 1 eff 
were determined from the paramagnetic region in the tempera-
0 0 ture range of 400 -600 C. Since this range is close to the 
' Neel temperature, these values should be considered un-
reliable because of the short range ordering effects men-
tioned previously. 
The X(T) curve for sample VI is shown in Figure 59. 
This was determined using Method I aft.er the thermomagnetic 
treatment. Also shown in Figure 59 are the values for m 
0 
' at room temperature and several points near the Neel 
temperature. The values for m were found using Method II 
0 
aft.er the thermomagnetic treatment. 
177 
TABLE XIII 
MAGNETIC DATA FOR BiFe0 3 
a b c c d e m
0 
(roorp _t .emp) Sample e M f'-eff TN 
OK Bohr OK 3 
Magnet.ons G em /g 
IV 1942 5.49 6.64 638±5 0.0033 
v 1783 5.26 6.59 638±5 0.0092 
VI 3862 10.30 9.08 642±1 0.0014 
aThe samples were prepared by Mr. Shih on the follow-
ing dates: IV, 10/11/65; V, 10/19/65; VI, 10/19/65. 
b was determined from the 1/,X.(T) curve which was 
correc t .ed for the diamagnet.i sm of the ion cores. 
cCM was computed from the slope of the 1/X.(T) curve 
which was corrected for t .he diamagnetism of the ion cores. 
The theoretical value for CM is 4.38 for a spin only value 
of S=5/2. 
dfleff' in Bohr magnetons, was computed from the experi-
mental value of CM. The theoretical value of 5.92 for S=S/2. 
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V. COMPARISON OF RESULTS AND DISCUSSION 
The magnetic parameters of the different systems 
studied are presented in Figures 60-63. Figure 60 shows 
the variation of 9 with the BiFeo 3 concentration. The 
I 
dependence of the Neel temperature upon the BiFeo 3 concen-
tration is shown in Figure 61. The temperature at which 
the spontaneous magnetic moment goes to zero is also 
I 
closely connected with the Neel temperature. Because 
m (T) did not abruptly drop to the axis, a tangent was 
0 
drawn to the curve at the point of steepest. descent, and 
the intercept of the tangent was taken to be the tempera-
ture at which m (T) was equal to zero. The results of 
0 
this construction are shown in Figure 62. In general, the 
point at which m (T) was considered to be zero was at a 
0 
I 
higher temperature than the Neel temperature. This phe-
103 
nomenon was also observed by Fedulov et al., and may 
be connected with the fact that. short range ordering was 
present above the Neel temperature. The dependence of the 
spontaneous magnetic moment at room temperature upon BiFe o 3 
content is shown in Figure 6 3 . 
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Figure 62. Dependence of spontaneous magnetic moment 
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Figure 63. Dependence of the room temperature spontane-
ous magnetic moment upon BiFe0 3 content. 
184 
magnetic ordering as evidenced by the positive values for a 
throughout the concentration range of BiFe0 3 , and the 
' clearly defined Neel point for high concentrations of 
BiFe0 3 • Ant.iferromagnet.i sm was expect.ed from t .he 
G d h K · · 1 h 1 t .he Fe 3+ - o2 -oo enoug - anLmorl ru es as t ey app y to 
Fe 3+ chains in the perovskite structure. 
The values for 9 and TN were greater for the BiFe0 3-
PbZro3 series than for the BiFe0 3-PbTi0 3 series. Since 
TN is, in effect, a measure of the exchange interaction, 
this would imply that the exchange int.eract ion is weaker 
in the BiFeo3-PbTi0 3 compositions t .han in t .he BiFe03-PbZr0 3 
series. The lattice parameters in the rhombohedral region 
for the BiFeo 3-PbZr03 series were slightly larger, and that 
series was expected to have the weaker exchange interaction. 
However, the ionic radius of the zr4+ ion is about 10 percent 
larger than the Ti4+ ion. 138 Thus, more overlap of the wave 
functions concerned is expected, and a stronger superex-
change interaction in the BiFe0 3-PbZr0 3 system would be 
the result. The strength of the superexchange mechanism 
is also strongly influenced by the angle between the two 
lines connecting the interacting cations to the inter-
185 
mediary anion. Significant departure from the 180° angle 
mentioned in connection with the Goodenough-Kanimori rules 
could weaken the superexchange interaction. 
Because of the high distortion in the tetragonal 
region of the BiFe03-PbTi0 3 system, one might also expect 
that a great deal of distortion, or puckering, is present 
in the oxygen octahedra in the rhombohedral region. This 
puckering may be greater in the BiFe0 3-PbTi0 3 system, re-
sulting in a weaker superexchange interaction. Neutron 
diffraction has shown that puckering is present in the 
98 110 
rhombohedral phase. ' X-ray diffraction results in 
the BiFeo 3-PbZr0 3 system show that with the addition of 
PbZro 3 , the rhombohedral angle increases toward 90°. In 
the BiFeo 3-PbTi03 system, addition of PbTi0 3 does not 
increase the rhombohedral angle as rapidly as in the 
BiFe0 3 -PbZro 3 system. 
4+ . This indicates that the Zr 10n 
may have more of a tendency to reduce the rhombohedral 
d . . h d h · 4+ . 1stort1on t an oes t e T1 10n. It should be emphasized 
that the change in the rhombohedral angle is slight, i. e . 
77 less than 4 minutes with the addition of 20 p e rc e nt PbZro 3 . 
Thus, using this criteria to compare the amount of distortion 
present in the two binary systems is unreliable. Single 
18 6 
phase solid solutions of the BiFeo3-PbZro 3 are more diffi-
cult to prepare, and comparisons between the systems may not 
be significant. 
Values for 9 and TN for the BiFe0 3 - [ SOPbZr0 3-SOPbTi0 3 ] 
system were intermediate between the two binary systems. 
It appears from x-ray data in the rhombohedral region that 
the rate at which the rhombohedral angle approaches 90° 
with additions of [ 50PbZro 3-SOPbTi0 3 ] is certainly greater 
than in the BiFeo 3-PbTi0 3 system and perhaps even greater 
than in the BiFeo3-PbZr0 3 system. The values for 9 in the 
BiFeo 3-[SOPbZro 3 ·SOPbTi0 3 ] system appear to exceed the 
corresponding values in the BiFeo 3-PbZr0 3 system for high 
BiFeo3 content. The values at 40 and 50 percent BiFe0 3 
are inside the multiple phase region of Figure 15 and a 
change in the character of the e curve could occur the re. 
There are some interesting comparisons between the 
BiFeo 3-PbTio 3 system of this study, Figures 24- 3 6, and the 
investigation by Fedulov et al., 103 Figures ll and 12. 
I 
The X (T) curves presented herein show Neel temperatures 
roughly 100°C higher for the compositions containing 80 
and 90 percent BiF e 0 3 . The compositions containing 70 per-
I 
cent or less BiFeO ~ do not indicate that they are near a Neel 
187 
point at. room temperature. The invest.igat.ion of Fedulov 
' et al. indicated that a Neel t .emperat.ure was possibly just 
below room temperature for compositions cont.aining only 40 
percent BiFe03 . They also indicated a spont.aneous magnetic 
moment at room temperature for samples containing only 30 
percent BiFeo 3 with clearly defined intercepts on the axis. 
In contrast, the spont.aneous magnetic moment.s presented in 
this st.udy disappeared at. room temperature for compositions 
containing 70 percent BiFe0 3 , and the intercepts on the 
m =0 axis were not so clearly defined. 
0 
Anomalous results were present in some of the samples 
containing 60 and 70 percent BiFe03 in the Bi.Fe03-PbTi03 
system. These samples were characterized by high spon-
' taneous magnetic moments and high Neel temperatures. Samples 
containing 70 percent BiFe0 3 had spontaneous magnetic 
moments at. room temperature, ranging to nearly 0. 6 G cm3 /g 
compared to a maximum of 0.04 G cm3/g in the rhombohedral 
' modification. The Neel temperature was in the range of 
0 0 2 7 0 t . 0 2 8 0 c . In order to reduce the Bi2o3 content in one 
of the samples, it was leached with concentrated nitric 
acid (HN0 3 ).
77 The result was an increase in the spon-
taneous magnet.ic moment. by a fact.or of 2 at room temperat.ure. 
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This would indicate that a magnetic phase, if present, was 
less soluble in HN0 3 than the nonmagnet.ic phase. The anoma-
lous results for samples containing 60 percent BiFeo 3 con-
sisted of spontaneous magnetic moments, ranging up to nearly 
3 I 0 0. 3 G em /g and Neel temperatures in t .he range of 285 to 
I 
It is interesting to note that the Neel temperature 
was slightly higher for the samples containing less BiFe0 3 . 
The x-ray patterns revealed that some rhombohedral phase 
was present in the samples containing 70 percent BiFe0 3 , 
and that none was present in the samples containing 60 per-
cent BiFe03 • In general, the x-ray peaks were not sharply 
defined in some cases which indicated incomplete reactions 
or t .he presence of an unknown phase. Attempts to reproduce 
the samples were also unsuccessful. Thus, the anomalies 
may have been due to contaminants in the sintering oven or 
some type of ordered arrangement between the mangetic and 
nonmagnetic ions. The samples exhibiting these anomalous 
results were prepared by Mr. Shih in April and March of 
1966 and were not used in this study, since it was believed 
that they were not representative of the system. 
Some particle size-effects were observed in the 
anomalous samples ment.ioned above. The larger particles 
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were magnetically separated from the powdered sample and 
invest.igated with the magnetic balance. The particles 
were then ground to a fine powder, and the properties were 
observed for any change. It was found that the room tempera-
ture spontaneous moment increased from 0.17 to 0.27, and 
the susceptibility characteristic changed drastically. The 
susceptibility for the larger particles decreased from a 
-6 3 -6 
value of 12 x 10 em /g at room temperature to 6 x 10 
cm
3/g at 350°C with an inflection at 300°C corresponding 
' to the Neel point. The susceptibility of the reground 
particles increased from a value of 5 x 10- 6 cm3/g at room 
-6 3 0 temperat.ure to a sharp peak of 8 x 10 em /g at 300 C and 
-6 3 0 dropped to 6 x 10 em /g at 350 C. The characteristics 
' appeared to be identical above the Neel temperature. It 
was believed that because of the relatively large spontaneous 
moments present, domains had formed in the larger particles 
which could not be completely switched, resulting in a lower 
spontaneous moment. The domain walls could move easily 
under the influence of different field strengths, which 
produced a higher susceptibility. The regrinding allowed 
only single domain particles. These domains were more 
likely to remain aligned wit-h the field as they were cooled 
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past the Neel point during the thermomagnetic treatment. 
Thus, larger spontaneous moments were observed. Single 
domain particles would be more difficult to switch, and 
the susceptibility should be lower. These particle size-
effects were only observed in the samples with anomalously 
high spontaneous moments. 
The XCT) curves presented here for the BiFeo 3-PbZro3 
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system are in agreement with those of Venevtsev et al., 
although comparisons can be made only for samples containing 
80 percent BiFeo 3 or higher. No results for the spontaneous 
magnetic moments were given by Venevt.sev et al. In Figure 
63, the spontaneous magnet.ic moment at room temperature is 
found to disappear near 80 percent BiFe03 . A separate in-
vest igat.ion of t .he spontaneous magnetic moment at room 
temperature for the samples of Figure 45 and 46 gave the 
following results: For 75 percent BiFe0 3 , rn0 is 0.003 G 
crn
3/g; and the 80 percent BiFe0 3 , rn0 is 0.002 G crn
3/g. 
Thus, between 75-80 percent BiFe03 the spont.aneous magnetic 
moment disappeared. 
One sample cont.aining 10 percent PbZr0 3 possessed a 
high spontaneous magnetic moment. similar to the anomalous 
results discussed above in the BiFe0 3-PbTi0 3 system. The 
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spontaneous magnetic moment at room temperature was 0.55 
3 ' 0 G em /g, and the Neel temperature was 365 C. This sample 
was prepared by Mr. Achenbach on 5/23/66 for neutron 
diffraction studies. 
No comparisons could be made with ot.her magnetic data 
In comparing 
with the other binary systems of this study, it was noted 
that m at. room temperature was somewhat smaller for samples 
0 
containing 80 and 90 percent BiFe0 3 . However, the spontane-
ous magnet i.e moment. for samples containing 70 percent BiFe0 3 
was larger than either of the binary systems. It appears 
that a spontaneous magnetic moment existed over a larger 
concentration range than either of the binary systems. It 
is noted in Figure 15 t .hat the rhombohedral phase exi.st.s 
from above 55 to 100 percent BiFe0 3 . Thus, the observa-
tion of a spontaneous moment over a larger concentration 
range in this system is believed to be related to the wider 
rhombohedral range. 
One of the major contaminants found in the solid 
solutions of Bi.Feo 3 was the compound Bi2Fe4 o9 . A single 
phase sample of this compound was prepared by Mr. Achenbach 
on 5/13/66. Since Bi 2Fe4o9 could possibly produce some of 
1 92 
the anomalous magnetic properties discussed here, it was 
investigated with the magnetic balance. The magnetic moment 
at room temperature, before the thermomagnetic treatment, 
3 
was found to be 0.004 G em /g. The temperature dependence 
of the susceptibility was found using Method I without the 
thermomagnetic treatment. The results are shown in Figure 
64. The absolute value of the susceptibility was about 4 
percent larger than the actual susceptibility because of 
the effect of the positive magnetic moment. The relative 
values of the susceptibility at different temperatures should 
be accurate. After the thermomagnetic treatment, consisting 
of cooling the sample from a temperature of about 400°C in 
the magnetic field, the magnetic moment increased to 0.009 G 
3 
em /g. The knee of this curve was found to be reversible. 
From this brief invesitgation, it appears that Bi 2Fe4 o9 is 
' an antiferromagnet with a Neel point slightly above room 
temperature. It was also shown that it does not possess 
an appreciable magnetic moment. These results compare 
favorably with those of Kashlinskii et a1. 1 39 They found 
' a Neel temperature just below room temperatur e with susc e pti-
bility values of nearly the same magnitude. It was concluded 
that this subst.ance as a contaminant could not markedly 
tJl 
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affect the magnetic properties of the solid solutions of 
this study. 
Another possible magnetic contaminant was a. -Fe 2o3 . 
The Fe 2o3 used as a constituent in the preparation of 
BiFeo 3 was found to possess a spontaneous magnetic moment 
of 0.2 G cm3/g. Three (3) mole percent of this oxide was 
mixed with pure BiFeo 3 (sample VI, Table VIII) and investi-
gated for its magnetic properties. After thermomagnetic 
treatment. , the magnetic moment increased from 0.004 to 
3 0.009 G em /g. Thus, it appears that Fe 2o 3 could have 
some affect on the magnetic properties, but it could not 
produce the anomalous spontaneous magnet.ic moments of the 
magnitudes found during the course of study. The effect 
of ct-Fe 2o 3 as a contaminant was expected to be a small 
spontaneous magnetic moment which tends to reduce to zero 
0 0 
at temperatures near 600 to 700 C. For example, the 
spontaneous magnetic moment in Figure 41 was probably 
caused by 0: -Fe 2 o 3 . 
The magnetic data listed in Table XIII for pure BiFeo 3 
were in good agreement with the findings of Smolenskii et 
a1. 92 They found the following values for the magnetic 
0 0 parameters: 9 was 1442 K; ~eff was 6. 35; and TN was 643 K. 
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The higher than t .heoretical value of jJ.eff may be explained 
by the short range ordering observed in neutron diffraction 
studies. The small values of spontaneous magnetic moment 
of Table XIII may be explained by the presence of a small 
' 
No increase in the value of m was 
0 
observed at the Neel temperature within the accuracy of 
the apparatus. The relatively high spontaneous moment of 
sample V of Table XIII was believed to be a-Fe2o3 contami-
nant, as this value decreased only slightly for temperatures 
' ' above t .he Neel point.. No inflection was observed in the 
' values of m at. the N eel t .emperature. 
0 
Smart137 ' 140 has devised a met.hod for estimating the 
' exchange interact.ion from the Neel t .emperat.ure and the molar 
' susceptibility at t .he Neel temperature. The equations cited 
for the magnitude of the exchange interaction, IJI , are t .he 
following: 





k r(n, S) ~(TN) ( 89b) 
where ~(n,S) and r(n,S) are parameters calculated using 
t .he Bet.he-Peierls-Weiss t .heories, n is the number of nearest. 
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n e ighbors, and Sis the spin. The value for IJI/k from 
equation (89a) is 22.8. There is some confusion in the 
case of weak ferromagnets as to what value for the molar 
susceptibilit.y should be chosen for XM(TN) in equation 
( 8 9b). Smart. chose the value of t .he susceptibilit.y at 
the base of the peak for LaFe0 3 and obtained good agreement 
between equations (89a) and (89b). If the corresponding 
value for susceptibility is used for BiFeo3 , equation (89b) 
results in a value of 27.9 for IJI/k. Thus, to obt.ain 
agreement. between the two equations, a value somewhere 
between the peak value of~M(T) and the value at the base 
of the susceptibility curve of BiFe03 would have to be 
chosen. 
It. is interest.ing t .o compare some of the propert.ies of 
LaFe0 3 and BiFe0 3 , using the Smart mechanism. Smart. lists 
the value of IJI/k for LaFe0 3 as being 28.9, a somewhat 
higher value than for BiFeo 3 . The stronger interaction 
for LaFe0 3 can be explained by the fact that the La
3+ ion 
is considerably smaller than the Bi 3+ ion. 138 The x-ray 
diffraction results of Roginskaya et a1. 79 show that the 
unit cell volume of LaFe0 3 is about 3.5 percent smaller 
than BiFeo3 • The angle of monoclinic distortion is also 
1 9 7 
smaller than t .he rhombohedral distort ion of the BiFe0
3
. 
Both factors would tend to produce a stronger interaction 
in LaFe0 3 • 
There was also no evidence to support the inferred 
int.eraction between t .he elect.ric and magnetic properties. 
For high concentrations of BiFe03 the dielectric Curie 
temperatures were above the temperature intervals used 
here. However, no anomalies corresponding to the di-
electric curve t .emperat.ure were found in the susceptibility 
characteristics for lower concentrations of BiFe0 3 . The 
only claim to support this interaction in BiFeo 3 has been 
' 8 7 101 found in the dielectric propert.ies at the Neel temperat.ure. ' 
Smit.h 103 also found an anomaly in t .he dielectric constant. 
at t .he Neel temperature, but he attributed this to the 
high conductivity of the sampl e at that temperat.ure. 
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VI. CONCLUSIONS 
The extrapolation of 1/X.(T), from the paramagnetic 
region where the Curie-Weiss law is obeyed, yields a 
positive value for9, equation (8 3 ). Thus, BiFeo 3 is an 
ant if erromagnet. Neutron diffrac t .ion results have shown 
the ant.iferromagnetic structure t .o be that. of type G. 98 ' 110 
Whether BiFe03 is a weak ferromagnet. is decided from 
indirect results. Although this study shows a sharp peak 
at the Neel temperature, careful analyses revealed no 
spontaneous magnet.ic moment. in pure BiFe03 • It is apparent. 
t .hat a small spontaneous moment at room temperature is 
present t .hroughout t .he multiple cell rhombohedral modifi-
cation of Figure 15. Except for some anomalous results 
in the BiFe0 3-PbTi0 3 system, no spontaneous magnetic 
moments were found outside this region. This contrasts 
103 
sharply with the results of Fedulov et al., who found 
magnetic moments over a large composition range in t .he 
BiFe0 3-PbTi0 3 system. 
Some of the neutron diffraction studies which show 
superstructure for BiFe03 have been questioned because of 
t .he possible confusion of superst.ruct.ure lines with t .he 
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lines at.t .ributed to Bi2Fe4 o 9 . 
88 Very pure samples were 
used for t .he neutron diffract.ion analysis which established 
that BiFe0 3 did indeed have superstructure. This neutron 
diffract ion st.udy also established t .he mul t .iple cell rhombo-
hedral region of Figure 15, which is isomorphous with pure 
B .F O 98,110 1 . e 3 • The inferred magnet.ic unit cell of t .his 
study includes two chemical formula units. 
The presence of a spontaneous magnetic moment in t .he 
multiple cell rhombohedral region is evidence that. BiFe0 3 
is possibly a weak ferromagnet.. The inference is that 
high anisot.ropy in t .he pure BiFe03 lattice causes a compen-
sated antiferromagnetic st.ructure to be energetically 
favorable. With the addit.ion of nonmagnetic impurities, 
in this case PbZr0 3 , PbTi0 3 , and [50PbZr0 3 ·SOPbTi03 ] , the 
anisotropy energy is lowered and the weak ferromagnetic 
. f d 81,82,84 
structure lS avore . Yudin84 has argued that 
longitudinal weak ferromagnetism is present in BiFeo 3 . 
For t .he space groups which he proposed, it was necessary 
for superstructure to be present to allow longitudinal 
weak ferromagnet.i sm. Thus, the absence of a spontaneous 
magnetic moment out.side the multiple cell rhombohedral 
region appears to confirm Yudin's conclusions. 
200 
To permit weak ferromagnetism, the space group for 
BiFe0 3 must be one of those listed in Table V, and the 
corresponding point group must be one of those listed in 
Table IV. For the rhombohedral lattice, the admissible 
space groups are numbers 149-167 of the "International 
X-Ray Tables." 53 Yudin84 has suggested that the possible 
space group is among R3, R3, R3m, R3m, and possibly R3c 
or R3c. Since the dielectric studies at the University 
of Missouri at Rolla have indicated ferroelectric properties 
for BiFeo 3 , the groups R3, R3m, and R3c are probably ex-
eluded. In order for weak ferromagnetism and ferroelec-
tricity to coexist, the space group must be either R3, R3m, 
or R3c. In the case of groups R3 and R3m, longitudinal weak 
ferromagnetism is possible; and in the case of R3c, ordinary 
weak ferromagnetism is allowed. 84 
In the BiFe0 3-PbFe 0 . 5Nb 0 . 5o3 system, Smolenskii and 
Y d . 81 1 d h . u 1n extrapo ate t e spontaneous magnet1c moments to 
3 pure BiFe0 3 and obtained a value of 0. 3 6 G em /g. This 
extrapolation was assumed to be justified because no phase 
transitions were found in his study. Roginskaya et a1. 87 
claimed that a phase transition occurred at 10 percent 
Pb0 _5Nb0 _5o3 and that the extrapolation by Smolenskii and 
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Yudin was not justified. 
An extrapolation to pure BiFe0 3 for the systems of 
this study, Figure 63, results in the following values: 
BiFe0 3-PbTi0 3 system, 0.06 G cm
3/g; BiFe0 3-PbZro 3 system, 
0.05 G cm3/g; BiFe0 3-~0PbZro 3 ·SOPbTiO~ system, 0.03 G cm3/g. 
The two binary systems seem to give fairly good agreement, 
with the peaks in the m versus composition curves occurring 
0 
at approximately 90 percent BiFe0 3 . The ternary extra-
polation was considerably lower, and the peak of the value 
of m
0 
apparently occurs near 20 percent BiFe0 3 . Because of 
the poor agreement between the extrapolated values, it appears 
that the extrapolation to pure BiFe0 3 is not a valid pro-
cedure. 
The spontaneous moments found in this study were all 
less than about 0.002 Bohr magnetons per unit cell. Only 
a small amount of atomic ordering, such t .hat one magnetic 
sublattice has a larger number of Fe 3+ ions, could account 
for this very small n1oment. Some evidence of short rang e 
atomic ordering was present in the BiFe0 3-PbFe 0 _5Nb 0 _5o 3 
system studied by Yudin. 81 ' 82 The small amount of atomic 
ordering which could account for the spontaneous moment s 
observed here would not be detectable by x-ray diffraction. 
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Evidence of high coercive forces in polycrystalline 
BiFe03 solid solutions is believed to be revealed by 
thermoresidual phenomena. In this study, thermoresidual 
phenomena consist.ed of the enhancement. of t .he spont.aneous 
magnetic moment and a slight change in the susceptibility 
by means of t .he t .hermomagnet.ic t .reatment.. For example, 
in the sample cont.aining 20 percent PbTi0 3 , Figure 34, the 
spontaneous magnetic moment. at room temperature increased 
from 0.002 to 0.026 G cm3/g, and the susceptibility at 
3 
room t .emperature decreased from 8. 0 to 7. 6 em /g. 
' Upon cooling through the Neel point in a magnetic 
field, t .he ordered arrangement of the magnetic moment is 
maintained, which result.s in an increase in the spont.ane-
ous moment. The resulting moment is very stable with 
respect to rotation by an external magnetic field. In 
experiments in which hysteresis curves are observed, the 
thermomagnetic treatment causes the hysteresis loops to 
be shifted along the magnetization axis. In single 
crystals, the fact. that. spontaneous magnetic moments may 
be observed in only certain crystallographic directions is 
141 
evidence that large coercive forces are present. 
The data which were derived from the paramagnetic 
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region for samples containing low concentrations of BiFe03 
are summarized in Tables X-XII in the form of values for 
9 and f'-eff. Probably more significance may be placed upon 
the values for )J. eff t .han for a , since large errors may be 
involved in a as the slope decreases with increasing BiFe03 
content. In the BiFe03-PbTi03 system, the experimental 
values for ~eff were generally lower than the theoretical 
' value, 5.92. This would be consistent with the lower Neel 
t .emperatures for t .his series. This may suggest t .hat a 
small concentration of Fe2+ ions was present, resulting 
in smaller values for fLeff. In the BiFeo3-PbZr03 system, 
fl.eff is larger t .han the t .heoretical value. Large values 
' for p..eff suggest that short. range order above the Neel 
temperat.ure result.ed in too small a slope in 1/,i,(T) and, 
consequent!~, too high a value for ~eff. The values for 
~eff in the BiFe0 3- [ SOPbZro 3 ·soPbTi03 ] system remained 
near theoretical values until 50 percent BiFe03 was reached, 
then increased sharply to near the corresponding values 
in the BiFe03-PbZro3 system. 
In surrunary, the add it. ion of nonmagnet i.e perovski tes, 
such as PbTi03 , PbZr0 3 , and [ 50PbZr03 ·SOPbTi03 ] , to BiFe0 3 
produced a spont.aneous moment. in the multiple cell rhombo-
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hedral region of t .he t .ernary phase diagram. Although some 
evidence was presented which suggested that. BiFe03 was a 
weak ferromagnet, it was also proposed that the spontane-
ous magnetic moment.s could have been produced by a small 
amount of atomic ordering. It has been proposed in the 
literature t .hat BiFe03 is a weak ferromagnet with high 
coercive forces which do not. allow observation of a spon-
taneous moment. The unavailability of single crystals of 
BiFe03 prevent the observation of spontaneous moments 
along certain crystallographic axis. Thus, no absolute 
proof t .hat BiFe03 is a weak ferromagnet. exists. 
In t .he temperature range investigated, there was no 
evidence that any interaction existed between the electric 
and magnetic properties. 
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The following is a list of the corrunercial equipment 
used in this investigation: 
1. Magnet: Model L-75B, 7-inch laboratory electro-
magnet, Magnion Incorporated, Framingham, Massachusetts. 
2. Magnet. power supply. Model UR-1050, 220 volt. 
3-phase input, SKW D-C output at 50 amperes, Magni.on 
Incorporat.ed, Framingham, Massachuset.t .s. 
3. Gaussmeter. Model 120, F. W. Bell Inc., Columbus 
12, Ohio. 
4. Calibrat.ion magnet. Model VA-073, 9. 56 KG, 
F. w. Bell Inc., Columbus 12, Ohio. 
5. Balance. Cahn gram elec t .robalance, Cahn Ins tru-
ment Company, Paramount., California, supplied by Fisher 
Scientific Company, St. Louis, Missouri. 
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APPENDIX B 
The following is a plot of t .he magnet.ic field inten-
2 
sity squared (H ) versus the vertical distance in centi-
meters from the top of the constant HdH/dz pole caps for 
different coil currents. These curves do not represent an 
accurate at.t .empt to determine the product HdH/dz, but 
rather illustrate the region over which this product is 
a constant. The region over which H2 is linear represents 
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6 7 
Figure 65. Plot of H2 versus distance for constant 
HdH/dz pole caps. The numbers near the curves are the coil 
currents in amperes. 
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APPENDIX C 
The following program was used in conjunction with 
Method II in order to determine values for the sponta-
neous magnetic moment, m , and t .he magnet.ic susceptibility, 
0 
X.. The program reduces the data in t .he form of electro-
balance dial readings and computes t .he measured magnetic 
moments, equation (68), for each field value. The pro-
gram then makes a linear least squares fit of the measured 
moments versus the field, and the output is the intercept 
and slope of this fit. The intercept is m, 
0 
and the slope 














The KEY is the numeral 1, 2, 3, or 4 
which appears in column 10 of an IBM 
Data Card. The purpose is to provide 
some amount of flexibility for the pro-
gram. KEY = 1 or 2 is placed at the 
beginning of the data deck in order to 
cont.rol t .he number of dat.a points over 
which the program makes a least squares 
fit. KEY = 1 implies that. 8 data points 
are used, corresponding to the 8 field 
values of 1000, 2000, ···8000 gauss 
respectively. KEY = 2 is used in case 









because of some error or malfunct.ion. 
This feature was used infrequently. 
KEY = 3 or 4 is inserted at the end of 
the data deck and its function is to 
inform the computer whether more data 
follows. KEY = 3 shifts control to the 
STOP mode of the computer and implies 
that no more data follows. KEY = 4 
implies that more data follows and 
shifts control back to a point inside 
the program. This feature allows 
many isotherms to be computed with the 
same program. 
N is the number of data points used. 
N is always 8 unless KEY = 2 is used; 
then N becomes the number appearing in 
column 10 on t .he card following the 
KEY card. 
NN is the number of data points used in 
the least squares fit. The data point 
corresponding to H = 1000 gauss was not 
used in the least squares fit, thus NN 
is one less than N. 
The A(I) are the field values in gauss. 
These values are 1000, 2000, ···sooo 
gauss. If KEY = 2 is used, those values 
corresponding to the invalid data points 
are left. out. 
The B ( I) are the sample holder correc-
tions of Table VII. If KEY = 2 is used, 
those values corresponding to the in-











The C(I) are the true dial readings of 
the standard found in Table VIII. If 
KEY = 2 is used, those values correspond-
ing t .o the invalid data points are left. 
out .. 
The D(I) are t .he sample dial readings 
corresponding to the dial reading at 
field H of equation (77). If KEY= 2 
is used, those values corresponding to 
the invalid data points are left out. 
Cl is t .he mass of the st.andard, corre-
sponding tom of equation (83). 
s 
C2 is t .he mass of the sample, corre-
sponding tom of equation (83). 
C3 is the susceptibility of the stan-
dard corresponding to X of equation 
(83). s 
C4 is the dial reading at H 
equation (77). 
0 of 
DIMENSION A(50),B(50)~C(50) , D(50),R(2,3) 
READ (1,101) KEY 
C KEY=1 IMPLYS NORMAL PROCEDURE ---N=8 
C KEY=2 IMPLYS THAT 8 POINTS WILL NOT BE USED -N WILL BE USED 
C KEY=3 IMPLYS NO MORE DATA 
C KEY=4 IMPLYS MORE DATA 
GO TO (1,2,10,4),KEY 
1 N=8 
GO TO 3 
2 READ (1,101) N 
3 READ (1,100) (A(I),I=1,N) 
C THE A(I) ARE THE H FIELD (GAUSS) 
READ (1,100) (B(I) , I=1 , N) 
C THE B(I) ARE THE SAMPLE HOLDER CORRECTIONS 
READ (1, 100) (C (I), I=1, N) 
C THE C(I) ARE THE STANDARD DIAL READINGS 
4 READ (1, 100) (D (I), I=1, N 
C THE D(I) ARE THE SAMPLE DIAL READINGS 
WRITE (3,200) 
WRITE (3,102) 
DO 5 I=1,N 
5 WRITE (3,103) A(I),B(I) , C(I) , D(I) 
READ(1,100) C1 , C2, C3 , C4 
C C1=M(S),C2=M,C3=X(S),C4=DIAL(H=O) 
WRITE (3,104) C1,C2,C3,C4 
Q=C1'''"C3 /C2 
DO 6 I=1,N 
6 D(I)=A(I)*Q*(D(I)-B(I)-C4)/C(I) 
C D(I) ARE NOW THE MEAS. MAG. MOMENTS 
WRITE (3,105) (A(I),D(I),I=1 , N) 
C ---LINEAR LEAST-SQUARES---
C A(I)-X-AXIS-----D(I)-Y-AXIS 
DO 7 I=1,2 
DO 7 J=1 , 3 
7 R(1 , J)=0 
NN=N-1 
R(1 , 1)=NN 
DO 8 I=1,NN 
R(1 , 2)=R(1 , 2)+A(I) 
R(1 , 3)=R(1 , 3)+D(I) 
R(2 , 1)=R(2 , 1)+A(I) 
R(2 , 2)=R(2 , 2)+A(I)''d'"2 
8 R(2 , 3)=R(2 , 3)+D(I)*A(I) 
ZZ=R(1 , 1) 
DO 1000 J=1 , 3 
1000 R(1 , J)=R(1 , J)/ZZ 
ZZ=R(2 , 1) 
DO 1001 J =1 , 3 
1001 R(2 , J) =R(2 ,J ) =Z Z*R(1 , J) 
ZZ=R(2 , 2) 
DO 1002 J =2 , 3 
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1002 R(2 , J)=R(2 , J)/ZZ 
ZZ=R(1 , 2) 
DO 1003 J=2 , 3 
1003 R(1 , J)=R(1 , J)-ZZ*R(2 , J) 
WRITE (3 , 106) R(1 , 3) , R(2 , 3) 
DO 9 I=1 , N 
9 D(I)=D(I)=(R(2 , 3)*A(I)+R(1 , 3)) 
WRITE (3 , 107 ) (A(I) , D(I) , I=l.,N) 
READ (1 , 101) KEY 
GO TO (1 , 2 , 10 , 4) , KEY 
10 CALL EXIT 
100 FORMAT (4E18.8) 
101 FORMAT (I10) 
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102 FORMAT (9X1HH, 15X9HDIAL S.H. , 14X7HDIAL(S), 7X13HDIAL READINGS/) 
103 FORMAT (6XF6.0 , 14XF7 .4,14XF7 .4 , 11XF7 .4) 
104 FORMAT (//8X4HM(S) , 18X1HM, 18X4HX(S) , 13X9HDIAL(H=0)//6XF8.4 , 12XF8.4 
1 , 12XE11.4 , 9XF7 .4///) 
105 FORMAT (9X1HH, 19X17 HMEAS. MAG. MOMENT//(6XF6.0 , 14XE18.8)) 
106 FORMAT (//35H LEAST SQUARES APPROXIMATION YIELDS//14H Y-INTERCEPT 
1=E18.8//8H SLOPE =E18.8/) 
107 FORMAT (6X1HH09X12HDISPLACEMENT//(F9.0 ,7XF9.5)) 
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